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SUMMARY

The structural genes (bot) encoding botulinum neurotoxin (BoNT) have been cloned from the
Clostridium botulinum strains Danish (type B), NCTC 11219 (type E) Langeland (type F), and 89G
(type G), and their nucleotide sequences determined. This has shown BoNT/B, BoNT/E, BoNT/F and
BoNT/G to be respectively composed of 1291, 1252, 1278 and 1297 amino acids (aa), making the type
E serotype the smallest characterised BoNT. Comparative alignment of translated aa sequences, and
BoNT/A, C, D, and tetanus toxin (TeTx), demonstrates that clostridial neurotoxins are composed of
highly conserved aa domains interspersed with aa tracts exhibiting little overall similarity. On the
basis of aa similarity, TeTx is indistinguishable from a BoNT. In total 63 aa, out of an average 440,
are absolutely conserved between L chains, and 93 out of 842 between H chains. The most divergent
region corresponds to the carboxyterminus of each toxin, reflecting differences in specificity of binding
to neurone acceptor sites. The relative order of relatedness varies according to which dichain
component is compared. Recombinational events between different bot genes may therefore have taken
place during evolution. The amino acid sequence of the BoNT/F determined in this study (isolated from
a proteolytic C. botulinum strain) exhibits considerable divergence from that of a BoNT/F derived from
a non-proteolytic strain of C. botulinum (ATCC 23387), and the BoNT/F produced by a strain of
Clostridium baratii (ATCC 43756). Thus, the L- and H-chain of Langeland and ATCC 43756 share
only 63% and 79%, respectively. Similar levels of divergence apparently exist between the neurotoxins
of proteolytic and non-proteolytic type B C. botulinum strains. This order of divergence means that a
vaccine based on the Hc polypeptide of a single representative of a particular serotype (notably types B
and F) may not give protection against all member.; of that serotype.

Attempts to formulate genetic systems in Clostridium sporogenes were unsuccessful. Use was
therefore made of an expression system, developed in this laboratory independently of this contract, for
Clostridium acetobutylicum. Although the promoter in question (fac) is subject to regulatory control in
E.coli, similar control could not be achieved in C. acetobutylicum. In the absence of a regulated
system, attempts were made to effect the constitutive expression of botA subfragments in C.
acetobutylicum. To aid in the subsequent purification of recombinant polypeptides, a strategy was
formulated whereby they would be produced as a fusion protein with glutathione-S-transferase (GST),
whose encoding gene exhibits a similar codon usage to clostridial genes. To accomplish this, DNA
encoding the Hc fragment of BoNT/A (aa 855 to 1296) was fused to the extreme 3'-end of the GST
gene, using PCR methodologies. To ensure eventual translation of the transcribed gene fusion in a
Gram-positive host, a synthetic sequence specifying the ribosome binding site (RBS) of the TeTx gene
was positioned immediately 5' to the translational start codon of the GST gene. The completed gene
fusion was placed underfac transcriptional control by its insertion into pMTL500F. No evidence for
the production of a recombinant protein was obtained when Western blots were performed on the
lysates of E. coli cells carrying the resultant plasmid, pGAC501F, using either anti-BoNT/A or
anti-GST antibody. Although cells carrying pGAC501F produced abnormal amorphous growth on
solidified media, no evidence for the presence of inclusion bodies was forthcoming. Plasmid
pGAC501F was subsequently found to be incapable of transforming either B. subtilis or C.
acetobutylicum, a consequence, it is believed, of the production of the desired fusion protein.
Derivative plasmids of pGAC501F were constructed in which the region encoding the entire BoNT/A
H fragment was replaced with botA DNA encoding the NH,- or COOH-terminal half of the Hfragment (plasmids pGAC503F & pGAC504F, respectively). These new plasmids were now able to

transform both Gram-positive hosts. The presence of a novel fusion protein could not, however, be
detected in the lysates of transformed cells. Preliminary experiments, involving placement of the Fd
RBS immediately 5' to the GST start codon, suggest that the TeTx RBS may be responsible for the lack
of detectable protein.



INTRODUCTION

1. NATURE OF THE PROBLEM

The often fatal condition of botulism is caused by a group of highly toxic proteins

(botulinum neurotoxin, BoNT) produced by certain species of clostridia, principally

Clostridium botulinum (Sugiyama, 1980). On the basis of their serological properties, seven

distinct types of BoNT are recognised, and have been designated BoNT/A to G. They exert

their effects on vertebrates by blocking the release of the neurotransmitter acetylcholine in
presynaptic nerve termini, resulting in neuromuscular paralysis (Habermann and Dreyer, 1986;

Simpson, 1989). Although BoNT is synthesised as a single polypeptide chain (M.

approximately 150, 000), proteolytic cleavage generates the more toxic dichain form, in which

a 50 000 Da polypeptide light (L) chain and a 100 000 Da heavy (H) chain are linked by a

disulphidryl bridge. The different types of Clostridium botulinum exhibit differential

efficiencies in nicking of the single chain to the dichain form. Thus, BoNT/A exists

principally as a dichain, BoNT/B exists as a mixture of predominantly single chain with some

dichain, whereas BoNT/E is found essentially only in the single chain form (Dasgupta, 1990).

Purified single chain toxin may be converted to the dichain form in vitro by proteolytic

cleavage with trypsin (Dolly et al., 1984).

The overall structure and mode of action of BoNT is shared by a second clostridial toxin,

namely tetanus (TeTx) of Clostridium tetani (Welloner, 1982). They differ in that whereas
BoNT acts at the nerve periphery, TeTx blocks the release of inhibitory amino acids in the

central nervous system. The neuroparalytic action of both types of neurotoxin has been

suggested (Simpson, 1986) to be composed of three distinct phases: (i) binding of the toxin to

neurone acceptor sites; (ii) an energy-dependent internalisation stage in which the toxin, or part

of it, enters the nerve cell, and; (iii) the eventual blockade of neurotransmitter release.

Although the exact mechanisms involved remain poorly understood, it is generally assumed

that the L chain possesses the pharmacological activity (Bittner et al., 1989; Ahnert-Higler et

al., 1989) and the H chain is responsible for binding of the dichain to cell surface acceptors

and thereafter internalisation through the cell membrane (Simpson , 1989). Some evidence has

been obtained suggesting that the channel forming activity resides in the NH2-terminal portion

of the H chain (Mochida et al., 1989; Poulain et al., 1990) and acceptor recognition sites in the

COOH-terminus (Morris et al., 1981; Shone et al., 1985; Kozaki et al., 1987; 1989).

The effectiveness of modern food-preserving processes in Western countries has made
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outbreaks of botulism extremely rare. The frequent use of C.botulinum as a test organism in
the food industry, and the growing use of the toxin by neurobiochemists, has, however, led to
the development of human vaccines. The formulation of these vaccines has changed little since

the early 1950s; partially purified preparations of the neurotoxins are toxoided by
formaldehyde treatment and absorbed onto precipitated aluminium salts. Using such
methodology, polyvalent vaccines (against ABCDE or ABEF) for human immunisation are

currently available. Such vaccines suffer from the drawback of low immune response and

considerable batch to batch variation due to the high proportion (60-90%) of contaminating
proteins in toxoid preparations. Recent work has therefore concentrated on the development of

procedures for the purification of toxins to near-homogeneity. This has been achieved with all

but type G toxin (Shone et al. 1985: Evans et al., 1987; Schmitt et al., 1986). The use of

purified toxins in the production of vaccines, however, suffers from the drawbacks of having

to produce them under high containment and requires the presence of low levels of
formaldehyde to prevent possible reversion of the toxoid to the active state.

2. BACKGROUND OF PREVIOUS WORK

Production of subunit vaccines have been investigated by a number of laboratories. In
general, individual toxin subunits produce poor immune responses. A non-toxic fragment
comprising the L-chain and the N-terminal portion of the H-chain (analogous to the AB

fragment of tetanus toxin) of type A toxin has been shown to produce an immune response in

guinea pigs comparable to the entire toxin (Shone and Hambleton, 1989). It has therefore been
argued that production of such a toxoid polypeptide by recombinant means provides an
excellent candidate for future vaccines. This would most simply be achieved by insertion of
the appropriate coding sequences into specialised bacterial vectors, which then direct the

expression of high levels of the protein in suitable bacterial hosts. The unparalleled
sophistication of recombinant procedures and vectors of E.coli has resulted in this

enterobacteria being the organism of choice in such processes. There are, however, a number
of factors which suggest that E.coli is not the best candidate for undertaking the expression of

clostridial toxin genes.

Although clostridial genes are reported to express moderately well in E. coli (reviewed by

Young et al., 1989), this finding only applies to genes isolated from mesophiles encoding
proteins substantially smaller (c. 30-40, 000 Da) than BoNT, or thermophilic genes (eg., from
C.thermocellum) whose G + C content closely matches that of E. coli. Attempts to express

clostridial genes encoding large polypeptides have met with either very limited success (eg.,

type A toxin of Clostridium difficile; von Eichel-Streiber, 1989) or total failure (eg., the

bacteriocin of the Clostridium perfringens plasmid pIP401, Garnier and Cole, 1988). More
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germane to BoNT have been the attempts to obtain expression of polypeptide fragments of

TeTx. In the study of Eisel et al. (1986) various subfragments of the gene were expressed in

E. coli, either initiating from the tetanus ATG or as fusion proteins. The levels attained were

extremely poor, and it was concluded that no clone "led to the synthesis of sufficient amounts

of toxin-specific protein to allow biological studies. At present these considerations argue

against a large-scale production of toxoid based on genetically engineered non-toxic

derivativc." Similar results were obtained by Fairweather et al. (1986, 1987), who expressed

the C-terminal portion of the toxin (43% of the molecule) to levels less than 1 % of the cell's

soluble protein. More recently, attempts to express subfragments encoding either the L-chain

or substantial portions of the H-chain of the type A gene have met with little success (A.H.

Bingham, personal communication). A further difficulty encountered in all these studies was

considerable degradation of the polypeptides produced, even in protease minus E.coli hosts.

The reasons for the observed inefficient expression of large clostridial toxin genes would

appear complex, but the apparent translational barrier is suggested (Eisel et al., 1986; Garnier

and Cole, 1988) to be a consequence of the extremely biased codon usage exhibited by

clostridial genes. Thus genes isolated from Clostridium spp. whose genomic DNA is of a

high A+T content (greater than 70% A+T), exhibit an extremely strong discrimination

against all degenerate codons ending in C or G, or, in the case of Ser and Arg, beginning with

C. In the case of the neurotoxin type A gene (Thompson et al., 1990), 86. 1 % of Arg codons

conform to AGN rather than CGN, 69% of Leu codons conform to UUA as opposed to CUN,

while overall, 90.3% of the degenerate codons end in A or U. In the tetanus toxin gene the

equivalent respective figures are 92.1%, 69.3% and 92.9%. A consequence of this codon bias

is that many of those codons known to act as modulators of gene expression in E.coli

(Grosjean and Fiers, 1982) occur extremely frequently in clostridial genes. eg., the type A

neurotoxin gene exhibits a 53.8% preference for AUA (Ile), 43.7% preference for GGA (Gly)

and an overall 86.1 % preference of AGN (Arg) modulator codons. It would appear that

although E. coli can tolerate a certain number of such codons, as occurs in genes of moderate

size, the cumulative effect of the sheer volume of modulator codons present in clostridial

neurotoxin genes results in a dramatic reduction in translational efficiency. The most logical

solution to these problems would be to use a clostridial host, rather than E.coli.

3. PURPOSE OF THE PRESENT WORK

The production of a polyvalent vaccine against all known types of botulinum neurotoxins

requires the availability of large quantities of pure protein which is; (i) capable of eliciting the

production of neutralising antibody in humans and; (ii) non-toxic to personnel involved in its

isolation, purification and formulation into a vaccine. These criteria cannot be currently met

by producing authentic neurotoxin from natural clostridial strains. Although the desired
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subunit vaccine could conceivably be produced by recombinant means, as discussed above,
translational barriers suggest that E. coli cannot be employed as the recombinant host. A

major objective of this study was therefore to develop a clostridial expression system, ideally
based on a non-toxinogenic host closely related to C.botulinurn, and test its utility by
expressing various non-toxic polypeptides (principally derived from the H-chain moiety) of the
type A neurotoxin. The immunogenicity of these recombinant polypeptides would then be
evaluated as potential subunit vaccines. In parallel, the second principal objective has been to

clone other neurotoxin genes (types B, E, F and G) and derive their complete primary amino
acid sequences by nucleotide sequence analysis. Selected polypeptides of these neurotoxins
could then also be produced using the recombinant host/vector system and their potential as
subunit vaccines ascertained. At the end of these studies it was anticipated that a system for
producing high levels of non-toxinogenic neurotoxin polypeptides will have been developed
which may be used in the formulation of a general botulism vaccine against types A, B, E, F

and G. Furthermore, the availability of the complete primary amino acid sequences of these

toxins will facilitate future work which may be aimed at deriving vaccines based on synthetic

peptides.

4. METHODS OF APPROACH

4.1 Development of a Clostridial Expression System

Our initial strategy was to choose a Clostridium sp., taxonomically closely related to C.

botulinum, and formulate procedures for introducing recombinant DNA. Our choice as the
host was Clostridium sporogenes (taxonomically considered to be a non-toxigenic species of

C. botulinum; Cato and Stackebrandt, 1989) and the DNA transfer procedures investigated,

electroporation and conjugative transfer. The former procedure, ubiquitous in its application

to Gram-positive bacteria (see Chassy et at., 1988; Lucansky et al., 1988), relies on the
transient introduction of pores into the cell membrane, by applying an electrical discharge

across cell suspensions, through which exogenous DNA may pass. We have previously used

electroporation for the successful introduction of plasmids into C. acetobuty'icun (Oultram et
al., 1988a), and similar protocols have been published for C. perfringens (eg., Allen and
Blaschek, 1988). Conjugative transfer relies on mobilisation of the cloning vector into C.

sporogenes by intergeneric matings (Trieu-Cuot et al., 1987). We have constructed a plasmid,
pMTL30 (Williams et al., 1990a; 1990b), which carries the ColEl replicon, the Gram-positive

erythromycin (Em) resistance (R) gene of pAMBI (Brehm et al., 1987), the E.coli
lacZ'/multiple cloning region of pMTL20 (Chambers et al., 1988), and the oriT region of
plasmid RK2. Plasmid derivatives, in which the replication origins of either pCB101 (a

Clostridium butyricum plasmid; Minton and Morris, 1981) or the streptococcal plasmid
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pAMBI have been inserted, have been shown to be mobilised from an E.coli donor to an C.

acetobutylicum recipient at fre-uencies of up to 10-5 per donor (Williams et al., 1989a; 1989b).

In out attempts to transfer DNA into various strains of C. sporogenes the plasmid vehicles

utilised were endowed with the replicative origins of either pCBl0l or pAMB1. The latter

type of vector was preferred as it has ,--oven to possess an eAtremely broad host range amongst

Gram-positive bacteria, and exhibh. a high degree of structural stability (Bruand et al., 1990;

Swinfield et al., 1990). As it cannot be assumed that these replicons will function in C.

sporogenes it was envisaged that replicons could be cloned from indigenous C. sporogenes

cryptic plasmids into 3 different types of "in-house" Gram-positive replicon cloning vector

(ie., plasmids only capable of replicating in E.coli). These vectors (pMTL20E, pMTL20C and

pMTL20T) carry three different Gram-positive resistance genes (erm, cat and tetP,

respectively), all of which have been shown to express in Clostridium spp. (see Minton and

Oultram, 1988; Abraham and Rood, 1985).

Having formulated procedures for DNA transfer we proposed to endow constructed shuttle

vectors with efficient transcription/ translation signals to facilitate high expression of

appropriately inserted heterologous genes. Since ribosomal RNA (rRNA) operons are generally

transcribed efficiently it was proposed that the rRNA genes of C. sporogenes would be the

source of transcriptional initiation and termination signals. Once cloned and characterised the

identified promoter region was to be modified by advanced genetic engineering (ie., creation of

restriction sites by site-directed mutagenesis and insertion of required sequences as synthesised
"units") to create an expression cartridge. This would consist of a portable restriction

fragment, carrying (in sequential order): the rRNA promoter -35 and -10 elements; a synthetic

E.coli lacZ operator sequence positioning immediately following the rRNA + 1; a synthetic

ribosome binding site (SD) complementary to the determined C. sporogenes 16s RNA; at an

appropriate distance from the SD, a recognition sequence for Ndel (CATATG), followed by

the lacZ'/multiple cloning sites of plasmid pMTL20, whereby the ATG represents the

translational initiztion codon of lacZ'; finally the lacZ' region would be followed by the

transcriptional termination signals of the rRNA operon. The efficiency of the system could be

tested using a suitable promoter-less reporter gene,.-eg., cat. The presence of the lacZ operator

site should allow repression of expression during construction in E.coli (by the presence of the

high copy number laclq plasmid pNM52. Gilbert et al., 1986), and thereafter regulated

expression of the gene in clostridia. It was envisaged that this could be achieved in an

analogous fashion to that used in B.subtilis (Le Grice et al., 1987), where a plasmid borne

copy of the laclq gene is placed under the transcriptional control of a moderate clostridial

promoter (we will use the Clostridium pasteurianum leuB promoter, cloned and sequenced in

this laboratory), and induction of the rRNA expression cartridge elicited by addition of IPTG.

Our subsequent failure to elicit demonstrable DNA transfer to any of the strains of C.
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sporogenes tested necessitated a substitution of the intended recombinant host with C.

acetobutylicm. This clostridia has a number of advantages over C. sporogenes. On a
practical level, we have already developed the necessary means of manipulating this species.

Equally as important, this species has no known association with human disease and should

therefore command a lower Access factor in any proposed recombinant experiments. The

proposed expression of BoNT gene subfragments can therefore be undertaken at a lower

category of containment. Furthermore, parallel studies undertaken in this laboratory have

resulted in the construction of an expression cartridge, similar to that described above, based

on the promoter of the ferredoxin (Fd) gene of Clostridium pasteurianum. This promoter,

modified by the insertion of the E. col, lac operator, has been designated thefac promoter and

shown to direct the expression of a cat gene in C. acetobutylicum NCIB 8052 to between 5 and

10% of the cells' soluble protein. Once C. sporogenes was abandoned as the recombinant

host, efforts were therefore switched to attempting to obtain lacl expression in NCIB 8052.

4.2 Cloning of Botulinum Neurotoxin Genes:

The strategies utilised in the cloning of the type B, E, F and G neurotoxin genes were

devised to minimise the risk of obtaining a toxinogenic E. coli recombinant clone, and

mirrored the measures taken in the cloning of the BoNT/A gene, botA (Thompson et al.,

1990). Thus, as both L and H chain are required for toxicity (Simpson, 1989), only DNA

fragments encoding principally one component of the dichain were cloned. Where genomic

fragments were cloned, their coding potential was determined by the construction of genomic

maps using botA DNA probes in Southern blots. Furthermore, they were always isolated by

two-stage agarose gel size fractionation to minimise the risk of cloning contiguous DNA

fragments. As more nucleotide sequence information became available, specific regions were

amplified for cloning by polymerase chain reaction (PCR).
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* BODY

* 1. CLONING OF THE BoNT GENES

1.1 MATERIALS AND METHODS

Bacterial strains, plasmids and culture conditions.

The source of chromosomal DNA was C. botulinum strain B/Danish, the type E strain

* NCTC 11219, the type F Langeland strain and the type G strain 89G. The recombinant host

used for cloning experiments E. coli TG I A[lac-pro] supE thi hsdD5/ F'- traD36 proA÷ eT

laclQ lacZAM15). Cloning vectors employed were plasmids pMTL32 (this study), pMTL20

(Chambers et al., 1988), pCR1000 (Mead et al., 1991), and the M13 phages mpl8 and mpl9

* (Yanisch-Perron, 1985). C. botulinum was cultivated in USA II broth (2% peptone, 1% yeast

extract, 1% N-Z amine, 0.05% sodium mercaptoacetate, 1% glucose, pH 7.4), and E. coli in

L-broth (1% tryptone, 0.5% yeast extract, 0.5% NaCI). Solidified medium (L-agar) consisted

of L-broth with the addition of 2% (w/v) agar (Bacto.Difco). Antibiotic concentrations used

* for the maintenance and the selection of transformants were 50 j g/ml ampicillin (pMTL32/

pMTL20) and 50 Ag/ml kanamycin (pCR1000). Restriction endonucleases and DNA

modifying enzymes were purchased from Northumbria Biochemicals Ltd, Taq polymerase

from United States Biochemical Corporation and radiolabel from Amersham International.

Purification and manipulation of DNA.

* Transformation of E. coli and large-scale plasmid isolation procedures were as previously

described (Minton et al., 1983). Small-scale plasmid isolation was by the method of Holmes

and Quigley (1981), while chromosomal DNA from C. botulinum was prepared essentially as

described by Marmur (1961). Restriction endonucleases and DNA modifying enzymes were

* used under the conditions recommended by the supplier. Digests were electrophoresed in 1 %

agarose slab gels on a standard horizontal system (BRL Model H4), employing Tris-borate-

EDTA (0.09 M Tris borate, 0.002 M EDTA) buffer. Fragments were isolated from gels using

electroelution (McDonnell et al., 1977). All primary cloning procedures were undertaken

* under United Kingdom ACGM C2 containment conditions, and total cell lysates of all
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recombinants carrying cloned material were tested in mice for the absence of toxic

polypeptides.

DNA/DNA hybridisation experiments.

* DNA restriction fragments were transferred from agarose gels to "zeta probe" nylon

membrane using the procedure of Reed and Mann (1985). After partial depurination with 0.25
M HCL (15 min), DNA was transferred in 0.4 M NaOH by capillary elution for between 4
and 16 hours. Bacterial colonies were screened for desired recombinant plasmids by in situ

* colony hybridisation (Grunstein and Hogness, 1975), using nitrocellulose filter disks
(Schleicher and Schull, 0.22 pm). The gel purified botA DNA fragments were labelled with
[oa- 32P] dATP using a multiprime kit supplied by Amersham International. Hybridisations were
carried out as previously described (Thompson et al., 1990), at temperatures ranging from 45

* to 60 °C.

Nucleotide sequence of bot plasmid insers.

The nucleotide sequences of plasmid inserts were determined by a number of different

strategies. In some instances the entire insert was excised, circularised by treatment with T4
ligase and size fractionated 500-1000 bp fragments generated by sonication cloned into the

* Snmal site of Ml3mpl8 (for experimental conditions, see Minton et al., 1986). Approximately
50 templates were then sequenced by the dideoxynucleotide method of Sanger et al (1980)
using a modified version of bacteriophage T7 DNA polymerase, "sequenaseRu' (Tabor and
Richardson, 1987). Experimental conditions used were as stated by the supplier (United States

* Biochemical Corp.). The inserts of other plasmids (eg., pCBB2 and pCBB3) were sequenced

using templates derived by subcloning the entire region between the appropriate sites of
Ml3mpl8 and M13mpl9. Sequence data obtained employing universal primer was then

sequentially extended by the use of custom-synthesised oligonucleotide primers. In certain
* instances, templates were generated by the insertion of DraI restriction subfragments into the

Sinai site of Ml3mpl8. In all cases the sequence was determined on both DNA strands. On
some occasions PCR amplified DNA was cloned directly into either pCR 1000 or ddT-tailed,

SmaI cut M13mpl8 (prepared by incubating SmaI cut DNA with terminal transferase in the
* presence of dideoxy TTP), and the resultant plasmid/ template sequenced with universal

primer. DNA sequence data was analysed using the computer software of DNASTAR Inc.
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Amplification of DNA by PCR.

* Amplification of C. botulinum DNA was undertaken by polymerase chain reaction (PCR),
using an M J Research Inc. Thermal cycler. Reaction mixtures comprised, 10 mM Tris-HCl,

50 mM KCl, 3 mM MgCI2 , 0. 1 mM dNTP, 30 nmol of each primer, 2.5 units of Taq
polymerase, and 10 ng of C. botulinum genomic DNA, in a final volume of 0. 1 ml.

* Amplification was for 30 cycles, as follows: 1.5 min at 930C; 3 min at 370, and; 3 min at
72°C. For inverse PCR, 140 ng of chromosomal DNA, cleaved with an appropriate restriction

endonuclease, was ligated overnight at 14WC in a 50 /1 volume and a 10 /A portion of the

resultant concatenated DNA used in PCR.

1.2 CLONING/ SEQUENCING OF THE BoNT/E GENE

1.2.1 Summary

The entire structural gene of the Clostridium botulinum NCTC 11219 type E neurotoxin
* gene has been cloned as 5 overlapping DNA fragments, generated by PCR. Analysis of

triplicate clones of each fragment, derived from 3 independent PCR's, has allowed the
derivation of the entire nucleotide sequence of the BoNT/E gene. Translation of the sequence
has shown BoNT/E to consist of 1252 amino acids, and as such represents the smallest BoNT

* characterised to date. The L chain of the toxin exhibits the highest level of sequence simiiarity
to TeTx (40%). The L chains of BoNT/A and BoNT/D share 33% similarity with BoNT/E,
while BoNT/C exhibits 32% similarity. In contrast, the TeTx H chain exhibits the lowest

degree of homology (35%) with BoNT/E, with the BoNT H chains sharing 46%, 36% and
:0 37%, for the type A, C and D neurotoxin types, respectively. Comparisons with partial amino

acid sequences of the L chain of BoNT/E from C. botulinum strain Beluga and that from the

strains Mashike, Iwanai and Otaru, indicate single amino acid differences in each case.
Alignment of all characterised neurotoxins sequences (BoNT/A, BoNT/C, BoNT/D, BoNT/E

* and TeTx) shows them to be composed of highly conserved amino acid domains interspersed
with amino acid tracts exhibiting little overall similarity. The most divergent region

corresponds to the extreme COOH-terminus of each toxin, which may reflect differences in
specificity of binding to neurone acceptor sites.

1.2.2 Results and Discussion
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Probing with type A neurotoxin gene subfragments

* To identify specific restriction fragments encoding principally L or H chain we initially
sought to exploit DNA homology between the previously cloned BoNT/A gene (Thompson et
al., 1990) and the BoNT/E gene. Two restriction fragments were gel-purified from the
BoNT/A gene. The first, a 389 bp HpaI-Xholl fragment, encoded amino acids 216 through

* 346 of the BoNT/A L chain. The second, a 628 bp HaeIII-HindlIl fragment, coded for amino
acids 526 through 736 of the H chain (Thompson et al., 1990). Both fragments were
radiolabelled and used in Southern blot experiments, employing type E genomic DNA cleaved
with various restriction enzymes. Under aqueous conditions, it was established that

* hybridisation between the two genes occurred at 50'C in the case of the L chain probe, and at

53'C in the case of the H chain probe. The relatively low value of these figures was indicative
of a fairly low level of homology between the genes in the regions probed, and, furthermore,

suggested that homology was greater in the H chain encoding region.

Further experiments, in which the genomic DNA hybridised had been cleaved with a
combination of endonucleases, allowed the derivation of crude restriction maps of the regions
of the type E genome homologous to the type A probes employed (data not shown). Inex-

* plicably, the two sets of results obtained could not be merged into a single unifying restriction

map. This anomaly in the derived data meant that the coding potential of any particular
fragment, with regard to the BoNT/E gene, could not be confidently assigned. A different

route to cloning was therefore adopted.

Cloning of the L chain encoding region by PCR

* By reference to published amino acid sequences of the NH 2-terminus of the BoNT/E H
and L chains (Sathyamoorthy and Dasgupta, 1985; Schmidt et al., 1985), two oligonucleotides
were synthesised (primers LEI and HEl, Table 1) which would allow amplification of
essentially the entire L chain encoding region by polymerase chain reaction (PCR). The

* nucleotides in positions of codon degeneracy were chosen on the basis of those most commonly

found in clostridial genes (Young et al., 1989). PCR was undertaken with LEI and HE1 and
type E chromosomal DNA, at various temperatures, in buffer containing Mg 2+ at final
concentrations of either, 1.5, 2.2 or 3.0 mM . Agarose gel electrophoresis of the reaction

* products indicated that no specific DNA fragment had been generated. Previous comparative
alignment of the BoNT/A and TeTx L chains (Thompson et al., 1990) had indicated that very

few amino acids were absolutely conserved. One notable exception was a centrally located
histidine rich motif. Indeed a preliminary amino acid sequence of part of the BoNT/E L chain

* confirmed that this motif was also present in BoNT/E (Wernars and Notermans, 1990). Two
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"Table 1. Synthesised oligonucleotide primers employed in PCR-amplification of Clostridium

botulinum NCTC 11219 genomic DNA.

OLIGO ABILITY TO NUCLEOTIDE SEQUENCE a NUCLEOTIDE POSITIONb AMINO ACIDC REFERENCE
PRIME IN BoNT/E GENE POSITION

I N S F N Y N D P
LE1 NO 5'-ATAAATAGTTrTAATTATAAAGATCC-3' 237-262 BoNT/E, 4-12 Sathyamoorthy

T T et al. (1985)

H E L I H S L H G
LE2 YES 5'-CACGAACTTATACATTCTCTACATGG-3' 861-886 BoNT/E, 212-220 Wernars &

T T A AT Notermans (1990)

H E L I H S L H G
LE2' YES 3'-GTOCTTGAATATGTAAGAGATGTACC-5' 886-861 BoNT/E, 212-220

A A T TA

F N Y N D P V N D
LE3 YES 5'-TTTAATTATAATGATCCTGTAAATGA-3' 246-271 BoNT/E. 7-15 Sathyamoorthy

T et a1. (1985)

I C I E I N N G E
HEX YES 3'-TATACATATCTTTATTTATTACCTCT-51 1525-1501 BoNT/EH, 3-11

G A

P Y I G P A L N I
HE2 YES 5'-CCATATATAGGACCAGCATTAAATAT-3' 2037-2062 BoNT/A, 635-643 Thompson

T TT T et al. (1990)

K R N E K W D E V
HE3 YES 51-AAAAGAAATGAAAAATGGGATGAAGT-3' 2244-2269 BoNT/A, 701-709

G G C A

N K A M I N I N K F
HE4 YES 5' -AATAAAGCAATGATAAATATAAATAAATTr-3' 2481-2509 BoNT/A, 778-887

TC T AT G C GG

N R W I F V T I T N
HE5 YES 3'-TTATCTACCTATAAACATTGTTATTGTTT -5' 3189-3217 BoNT/A, 1012-1021

TC A A A

G T K F L I K K Y
HE6 NO 3'-CCTGTTTTAAATATTATTr=-TTAT-5' 3597-3622 foNT/A, 1157-1165

A C T G C CA

W E F I P V D D G W
KE7 NO 3'-ACCCTTAAATATGGTCATCTACTTCCAACC-5' 3945-3974 BoNT/A, 1272-1291

T G AA A T TG A T

C R Q T Y I G Q Y

LE4 YES 5,-GTAGGCAAACTTATATTGGACAGTA-3' 1267-1291 BoNT/E, 347-355 this study

I V S N W M T K
HE8 YES 3'-TATCATAGCTTAACCTACTGATTT-5' 2280-2303 BoNT/E, 685-692 this study

T P D N Q F H I
LE5 YES 3'-TGAGGTCTATTAGTTAAGGTATAAC-5' 582-606 BoNT/E, 119-126 this study

L I T N I R G T
LE6 YES 5'-CTAATAACAAATATAAGAGGTAC-3' 945-967 BoNT/E, 240-247 this study

K N F S I S F W V R
HE9 YES 3'-TTTTAAAATCATAATCAA.AGACCCATTC-S' 2965-2992 BoNT/E, 913-921 this study

A

D N N S G W K V
HE10 YES 5'-ATAATAATTCAGCATGGAAAGTAT-3' 3061-3084 BoNT/E, 945-952 this study

"a the oligonucleotide primers LEI-LE3 and HEI-HE7 are 'guessomers", designed to prime/anneal to DNA sequence

encoding the amino sequence illustrated above. These amino sequences were either derived by NH 2-terminal
sequencing of purified BoNT/E light- and heavy-chain subunits, or from the BoNT/A sequence, previously
determined by recombinant means [Thompson et al., 1990]. 'Where these primers differed from the actual DNA
sequence of the BoNT/E gene is illustrated below the sequence. With the exception of LE9, all other primers are
perfect primers, based on the determined BoNT/E gene sequence. Primer LE9 is based on the equivalent region of
the BoNT/F gene, which differs from the BoNTIE gene in this region by one nucleotide (unpublished data).

b position in the BoNT/E gene to which the oligonucleotides are targeted. Numbers correspond to nucleotide
positions in Fig.2.
Snumbering corresponds to the position of the amino acid sequences illustrated above the oligonucleotide sequences

in either BoNT/E or BoNT/A.
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further primers (LE2 and LE2', Table 1) were therefore synthesised corresponding to the sense

and anti-sense DNA strand capable of encoding the histidine rich motif of the BoNT/E L

* chain. Subsequent PCR, at an annealing temperature of 37'C, using the primer pairs LEI +

LE2', and LE2 + HEI, resulted in an amplified DNA fragment of the expected size only in

the case of the latter pair. Furthermore, appreciable amounts of DNA were only generated at

the highest Mg 2+ concentrations employed. These data suggested that the failure of the initial

PCR to amplify a specific DNA fragment was due to inefficient priming of LEI. An

alternative primer was therefore synthesised (LE3, Table 1), and used in combination with

HEl in a further PCR assay. In this case a DNA fragment of the expected size, 1.3 kb, was

evident, following subsequent agarose gel electrophoresis of the reaction products.

The amplified products of the LE3 + HEI reaction were blunt-ended with T4 polymerase

and cloned into the SinaI site of pMTL20. Restriction analysis of 6 resultant recombinant

plasmids indicated the presence of a common restriction fragment. Confirmation that the

* amplified fragment encoded BoNT/E was obtained by plasmid sequencing a representative

plasmid recombinant (designated pCBEL) with both universal and reverse primer. Translation

of the derived DNA sequences resulted in an uninterrupted amino acid sequence, which in the

case of that derived using universal primer exhibited 100% identity with a preliminary BoNT/E

* sequence (Wernars and Notermans, 1990), while the sequence derived using reverse primer

had substantial homology to the COOH-terminus of the BoNT/A L chain. Having established

tha" the amplified fragment encoded BoNT/E, the entire nucleotide sequence of the pCBE1

insert was determined, as described in MATERIALS AND METHODS.

Cloning of H chain encoding DNA by PCR

* In parallel to the experiments described above, a number of oligonucleotides were

synthesised with a view to anrrAifying DNA regions of the neurotoxin gene encoding parts of

the H chain. In the absence of amino acid sequence data for the BoNT/E H chain, we

reasoned that amino acid motifs common to BoNT/A and TeTx may also be present in

* BoNT/E. The synthesised oligonucleotides (Table 1) therefore corresponded to a sense or

anti-sense DNA strand capable of encoding amino acid motifs found in BoNT/A which were

highly conserved in TeTx (Thompson et al., 1990). Individual PCR's were undertaken with

all possible combinations of the sense and anti-sense oligonucleotides, under the conditions

* successfully established with the L chain primers. The only pairs of primc s found to generate

DNA fragments of the expected size werF H-1E2 + HE5, HE3 + HE5, and HE4 + HE5. As

the fragment derived from the reaction involving HE2 + HE5 was the largest (c. 1.2 kb), this

particular DNA product was cloned, following blunt-ending, into the SmnaI site of pMTL20.

* Plasmid sequencing of the resultant recombinant, pCBE2, and translation of the nucleotide
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sequence obtained established the presence of uninterrupted amino acid sequences exhibiting

significant homology to the BoNT/A H chain. Thereafter, the complete nucleotide sequence of

* the insert of pCBE2 was determined (see MATERIALS AND METHODS).

RV S H D R D R1 RV S H ID D 1I S H

t, I I I I I •Il R, sI I vH II S11D RV
0 I I I GENOMIC MAP01 2kbI II

II III
II I

I I
LE3 HE' 1 2 jf

KEY: 1I
D -Ddel pCBE 1 pCBE2 I
RI - Eco R I IR
RV- Eco RV 1 I CLONED FRAGMENTS

H- Hindli IIIE 6 LE4 HE8 9HE10
S -Sca 1 4 0I 0 n

pCBE5 pCBE3 pCBE4

Light Heavy

*................. . STRUCTURAL GENE

* Fig. 1. BoNTIE gene cloning strategy. The 5 PCR-amplified regions of NCTC 11219

chromosome, that were cloned in the recombinant plasmids pCBEI-5, are represented by open

boxes below the restriction map of the region of the genome encoding the BoNT/E gene. LE

and HE primer sequences are given in Table 1. The arrows indicate the direction of

DNA synthesis; solid arrows are perfect primers, open arrows guessomers. The vertical dotted

* line identifies the boundaries of the concatenated restriction fragment employed as the substrate

for inverse PCR, using primer pairs LE5 + LE6 and HE9 + HE10.

* Cloning of the remainder of the BoNTIE gene

To clone the intervening BoNT/E DNA between the inserts of pCBE1 and pCBE2, two

oligonucleotides primers (LE4 and HE8; Table 1) were synthesised based on the determined
* nucleotide sequences of the pCBE1/2 inserts. The 1.03 kb product generated in a PCR using

these primers was cloned directly into the specialised cloning vector pCR1000, and the
nucleotide sequences of the inserts of a representative clone!, pCBE3, determined.

• DNA fragments carrying the remaining 3' and 5' ends of the BoNT/E gene were generated
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by inverse PCR. This strategy required the identification of restriction sites proximal and

distal to the gene. These sites were mapped by employing the radiolabelled PCR products

* generated by LE2 + HEI and HE2 + HE5, in Southern blot experiments with restricted type

E chromosomal DNA. The data obtained, together with information available from the

nucleotide sequences of the inserts of pCBE1 and pCBE2, was used to construct an accurate

restriction map of the region of the type E genome encoding the BoNT/E gene (Figure 1).

* This indicated that the 5' end of the structural gene resided on a c 1.0 kb EcoRI fragment, and

that the 3' end of the gene was eicompassed by a 1.1 kb DdeI fragment. Accordingly, type E

chromosomal DNA was cleaved with the appropriate enzyme, self-ligated and a PCR

undertaken on the circularised products using the oligonucleotide primer pairs LE5 + LE6 in

* the case of EcoRl cleaved DNA, and HE9 + HE1O in the case of DNA cut with DdeI. In both

cases, DNA fragments of the calculated size were shown to be generated. Each amplified

DNA product was cloned directly into pCR1000 (Mead et al., 1991), yielding pCBE4 (3'-end)

and pCBE5 (5'-end), and the entire nucleotide sequences of their inserts determined

0 (MATERIALS AND METHODS).

The complete nucleotide sequence of the BoNTIE gene
I

The 5 overlapping nucleotide sequences derived from the inserts of pCBE1 to pCBE5 in

total encompassed the entire BoNT/E structural gene. However, because Taq polymerase is

known to misincorporate nucleotides during DNA synthesis (Eckert and Kunkel, 1991), the

sequence obtained may not have represented the authentic BoNT/E sequence. Therefore, all 5

cloned DNA fragments were reamplified by PCR, and cloned to give duplicate isolates of the

five plasmids, pCBE1 to pCBE5. The nucleotide sequences of the entire inserts of each new

plasmid were determined and compared to that derived from the initial clones. In those cases

where a discrepancy in sequence was apparent, the appropriate fragment was PCR-amplified

and cloned to give a third pCBE clone. The relevant region of the insert of this plasmid was

then determined, and the consensus of the 3 sequences taken as being the correct BoNT/E gene

sequence. The number of discrepancies in the three sequences was surprisingly high, with a

total of 7 PCR-induced substitutions and 2 single base additions. Both of the latter, occurred

in regions of the sequence composed of at least 5 consecutive 'A' nucleotides. This error rate

equates to 7.8 X 10-4 per nt (ie., 9 errors per 11500 bases) and is most probably a direct result

of the relatively high level of Mg 2÷ employed (Eckert and Kunkel, 1991).

The final sequence derived is illustrated in Fig. 2. The BoNT/E gene has a 75% A+T

content and is composed of 1253 codons, initiating at nucleotide position 228 with a AUG

codon and terminating at position 3986 with a UAA stop codon. The use of these particular

translational initiation and termination signals is a general characteristic of clostridial genes
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EcoRI

g tc
-10 41 +1

MK I N S FN YND0PVN D RT I L YI KP G
TAAATTTAAAATTAGGAGATGCTGTATANTGCPCAAAAATTAATAGTTTTAATTATAATGATCCTGTTAATGATAGAACAATTTTATATATTAAACCAGGCG 300

G C 0E F Y KS F N I M KN IWll P E RNkV I G r T PQD F H PP
GTTGTCAAGAATTTTATAAATCATTTAATATTATGAAAAATATTTGGATAATTCCAGAGAGAAATGTAATTGGTACAACCCCCCAAGATTTTCATCCGCC 400

T SLK NG DS S YYD PN YLQ S DE E KD RF L K I V TK I F
TACTTCATTAAAAAATGGAGATAGTAGTTATTATGACCCTAATTATTTACAAAGTGATGAAGAAAAGGATAGATTTTTAAAAATAGTCACAAAAATATT T 500

N R I N N NLS GG IILL E E LS KA N P YLG NDN T PD NQ F

H I GD AS A VE I1K F S NG S QD I L L PN V I I M G AE P01 F
ATATTGGTGATGCATCAGCAGTTGAGATTAAATTCTCAAATGGTAGCCAAGACATACTATTACCTAATGTTATTATAATGGGAGCAGAGCCTGATTTATT 700

r
E TN SS N I SL R NN Y MPS N HG FGS I A I V T F S PE YS

TGAAACTAACAGTTCCAA IATTTCTCTAAGAAATAATTATATGCCAAGCAATCACGGTTTTGGATCAATAGCTATAGTAACATTCTCACCTGAATATTCT 800
C

F R FND NS M NE F I QD PA LT LM HE L I H SL H GL YG A
TTTAATTAATATAAAGTTGATGAATTATCAGATCTGCCTTCATTATGATGATTATACTTCTTACTGGCTAATGGGC 9000

'4
K G I TT K Y T I T QK QN P1L1 T N I R G T N I E E FILT F G G T

AAGGATTCTACAAGATATATACACAAACAAATCCCTAAAACAATTAAGGGTCAATATTAAGATTCTAATTTGGAGT 10000
T EcoR 1

DILN lIIT S A QS ND I Y TN LI IAD YK K I A SK L SK V QV
TGATTAACATTTTATAGGCTCGTCAATATATTATCTAACTTTAGTGATATAAAAATAGGTCAAACTAGAAATACAG 11000

S N PLLN P YK DV F EAK YGILD KOA SG I Y SV N I NK F
TCTATCCCTACTAACCTATAAGATTTTTGAACAAGTATGATAGAAAAGTGCAGCGAATTATCGGTAATTAACAAAT 12000

N D I FK KL YS F I E F DLA TK F QVK CROQT Y I G0Y K Y F
ATGAATTTTAAAAATATCAGCTTAGGATTTGTTTGCAATAATTTAAGTAAAGTAGCAACTTTATTGACGTAAAATC 13000

KLS NIL LNODS I Y N I SE G YN I N NL KV N F R G0N AN L
CAAATTTAAACTGTAAAGATTTATTATATATTCAAAGGTATATAAAATATTAAAGTAATTTAGAGACAAATCAAAT 14000

H CHAIN
N PR I I T P I T G RG LV KK I I R F C KN I VS V KG I RK S

I C I ElI NH GE IF F VA SE NSY N D DN I NT P KE I DD T V
TATGATCAAATAATATGTGAGTATTTTGTGGTTCGAGATAGTATATGAGATATAAAATCTCTAAAAAATGAGATAA 16000

T SN N N YEN DILDQV I I N FN SES A PG LS DE KILN I T
AACTCAATAATATTTGAAATGTTTGATAGGTATTTAAATTTATATGAACAGACCGGACTTCGATGAAATTAATTTA 17000

I 0N DA Y I P K YODSNG T SD I EQH D V NELN V F F Y LD
ATCCAAAATGATGCTTATATACCAAAATATGAT TCTAATGGAACAAGTGATATAGAACAACATGATGTTAATGAACTTAATGTATTTTTCTATTTAGATG 1800

A QKV PE G EN NV N LT SS I D TALLEQ0P K I YrT FF S SE
CACAAAATGCCGAAGTGAAATATGCAACTCACTCTCAATGAACACATTTTAAACACCTAAAATATCATTTTTCATA 19000

F I NN V N K P V Q A A I F V S W I Q-0 VIL VD F T T EA N Q K S
ATTTTTATAATTCATAACCTGGCAGCACATTTTTTAAGTGGTACACAATGTAGTGATTTACACTGAGCAACAAAAA 20000

T V DK I AD I SI V VP Y I G LA LN I G NE AOK G N F KD A
ACTGTGAAAAATGCGATTTTCATATTGTCCAATAAGGTTTGTTTAATAAGGAATAAGCCAAAAGGAATTTAAGATC 21000

L E I LG AG IL L E F E PE I L I P T I LIV FT I K S F LG S SD
TTGATTATAGGGCAGTATTTATAGATTGAACCGACTTTAATCCTCAATTTATATCACGTAAATCTTTTAGGTCATT 22000

NK NK V I K A I N N AL K E R DE K WK EVY S F I V SN W MT
TAATAAAAATAAAGTTAT-i AAAGCAATAAATAATGCATTGAAAGAAAGAGATGAAAAATGGAAAGAAGTATATAGTTTTATAGTATCGAATTGGATGACT 2300

Fig 2. Complete nucleotide sequence of the type E gene. The BoNT/E amino acid sequence is given

in the single letter code above the central nucleotide of the corresponding codon. Differences between

the NCTC 11219 sequence and the partial nucleotide sequences of the genes of strain Beluga and
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K I N T O F N K R K E Q M Y Q A L Q N Q V N A I K T I I E S K Y N
AAAATTAATACACAATTTAATAAAAGAAAAGAACAAATGTATCAAGCTTTACAAAATCAAGTAAATGCAATTAAAACAATAATAGAATCTAAGTATAATA 2400

S Y T L E E K N E L T N K Y D 1KO I E N E L N Q K V S I A M NN I
GTTATACTTTAGAGGAAAAAAATGAGCTTACAAATAAATATGATATTAAGCAAATAGAAAATGAACTTAATCAAAAGGTTTCTATAGCAATGAATAATAT 2500

D R F L T E SS I S Y L M K L I N E V K I N K L R E Y D E N V K T
AGACAGGTTCTTAACTGAAAGTTCTATATCCTATTTAATGAAATTAATAAATGAAGTAAAAATTAATAAATTAAGAGAATArGATGAGAATGTCAAAACG 2600

Y L L N Y I I Q H G S I L G E S Q Q E L N S M V T D T L N NS I P
TATTTATTGAATTATATTATACAACATGGATCAATCTTGGGAGAGAGTCAGCAAGAACTAAATTCTATGGTAACTGATACCCTAAATAATAGTATTCCTT 2700

F K L S S Y T D D K I L I S Y F N K F F K R I K S S S V L N M R Y K
TTAAGCTTTCTTCTTATACAGATGATAAAATTTTAATTTCATATTTTAATAAATTCTTTAAGAGAATTAAAAGTAGTTCAGTTTTAAATATGAGATATA 2800

N D K Y V D T S G Y D S N I N I N G D V Y K Y P T N K N Q F G I Y
AAATGATAAATACGTAGATACTTCAGGATATGATTCAAATATAAATATTAATGGAGATGTATATAAATATCCAACTAATAAAAATCAATTTGGAATATAT 2900

N D K L S E V N I S Q N D Y I I Y D N K Y K N F S I S F W V R I P
AATGATAACTTAGTGAAGTTAATATATCTCAAAATGATTACATTATATATGATATAAATATAAAAATTTTAGTATTAGTTTTTGGGTAGATTCCTA 3000

Ddel
N Y D N K I V N V N N E Y TI I N C N R D N N S G W K V S L N H N E
ACTATGTATAGATAGTAAATGTTATAATGAATACACTATATAAATTGTATGAGAGATATATTCAGATGGAAAGTATCTCTTATCATATG 3100

1 1 W T L 0 D N-A G I N 0 K L A F N Y G N A N G 1 S D Y I N K W I
A3TAATTTGGACATTGCAAGATAATGCAGGAATTAATCAAAAATTAGCATTTAACTATGGTAACGCAAATGGTATTTCTGATTATATAAATAAGTGGATT 3200

F V T I T N D R L G D S K L Y I N G N L I D Q K S I L N L G N I H

TTTGTAACTATAACTAATGATAGATTAGGAGATTCTAAACTTTATATTAATGGAAATTTAATAGATCAAAAATCAATTTTAAATTTAGGTAATATTCATG 3300

V S D N I L F K I V N C S Y T R Y I G I R Y F N I F D K E L 0 E T E
TTAGTGACAATATATTATTTAAATAGTTAATTGTAGTTATACAAGATATATTGGTATTAGATATTTTAATATTTTTGATAAAGAATTAGATGAACAGA 3400

I Q T L Y S N E P N T N I L K D F W G N Y L L Y D K E Y Y L L N V
ATTCAAACTTTATATAGCAATGAACCTAATACAAATATTTTGAAGGATTTTTGGGGAAATTATTTGCTTTATGACAAAGAATACTATTTATTAAATGTG 3500

L K P N N F I D R R K D S T L S I NN I R S T I L L A N R L Y S G
TTAAAACCAAATAACTTTATTGATAGGAGAAAAGATTCTACTTTAAGCATTAATAATATAAGAAGCACTATTCTTTTAGCTAATAGATTATATAGTGGA 3600

1 K V K I Q R V N N S S T N D N L V R K N D I V Y I N F V A S K T H
TAAAGTTAAAATACAAAGAGTTAATAATAGTAGTACTAACGATAATCTTGTTAGAAAGAATGATCAGGTATATATTAATTTTGTAGCCAGCAAAACTCA 3700

L F P L Y A D T A T N K E K T I K I S S S G N R F N 0 V V V M N
CTTATTTCCATTATATGCTGATACAGCTACCACAAATAAAGAGAAAACAATAAAAATATCATCATCTGGCAATAGATTTAATCAAGTAGTAGTTATGAAT 3800

S V G N N C T M N F K N N N G NN I G L L G F K A D T V V A S T W
TCAGTAGGAAATAATTGTACAATGAATTTTAAAAATAATAATGGAAATAATATTGGGTTGTTAGGTTTCAAGGCAGATACTGTAGTTGCTAGTACTTGGT 3900

Y Y T H M R D H T N S N G C F W N F I S E E H G W Q E K
ATTATACACATATGAGAGATCATACAAACAGCAATGGATGTTTTTGGAACTTTATTTCTGAAGAACATGGATGGCAAGAAAAATAAAAATTAGATTAAAC 4000

GGCTAAAGTCATAAATTCCAAAGGACTTAG 4030
Ddel

strains Mashike, Iwanai and Otaru, are indicated below the appropriate position of the sequence, in

lower and upper case letters, respectively. An upward facing arrow indicates an insertion. Any change

in the encoded amino acid is indicated above the NCTC .BoNT/E amino acid sequence. The putative

-10 promoter region (based on homology to the BoNT/A gene 5' non-coding region) and

transcriptional initiation site are marked by a dashed line above the sequence and downward facing

arrow, respectively. The ribosome binding site is indicated by a line above and below the sequence.

(Young et al., 1989). The AUG codon is preceded by a sequence typical of clostridial

ribosome binding sites, in both its composition and distance (8 bases) from the AUG initiation

codon. The codon usage exhibited by the gene is also typical of clostridial genes, with an

extreme bias for codons ending in A and T, and the frequent use of codons recognised as
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modulators of translation in E. coli. Although a number of sequences 5' to the BoNT/E

structural gene exhibit some similarity to procaryotic promoter elements, assignment of such

sequences as transcriptional signals will require appropriate experimental data. A reasonably

high degree of sequence similarity (77.4% identity) does, however, exist between the 5' non-

coding region of the BoNT/A (Binz et al., 1990) and BoNT/E gene. Based on this homology,

the transcriptional start point would be nucleotide 117, and the TATATT motif at position 103

to 108 the putative -10 promoter element (Figure 2).

The sequence of a 983 bp portion of the BoNT/E gene (equivalent to nucleotides 1 to 988

of Fig. 2) , encoding part of the L chain, from a number of other C. botulinum type E strains

has been reported, namely strain Beluga (Binz et al., 1990) and strains Mashike, Iwanai and

Otaru (Fujii et al., 1990). The sequences derived from the latter 3 strains were identical and

differ from that reported here for strain NCTC 11219 by a single nucleotide at position 916.

Thus codon 230 of the BoNT/E genes from strains Mashike, Iwanai and Otaru is UAG, while

in the BoNT/E gene of strain NCTC 11219, this codon is AAG. In contrast, the sequence

derived from strain Beluga exhibits 4 nucleotide differences to the sequence of NCTC 11219.

Three of these changes occur in the 5' non-coding region, including a single base 'C' insertion

in the Beluga sequence (see Fig. 2), while the fourth difference results in a codon alteration of

CGT (Beluga) to GGT (NCTC 11219) at position 756 (Fig. 2).

Comparative alignment of the nucleotide sequence of the two regions of the BoNT/A gene

used as DNA probes in our original experiments, to the equivalent region of the BoNT/E gene,

confirmed that a greater degree of DNA homology occurred between the H chain probe than

the L chain probe. Thus, the 389 bp RoNT/A HpaI-XhoII fragment exhibited 61.7%

homology to the BoNT/E gene, whereas the 628 bp HaeIII-HindIII fragment demonstrated

67.3% homology with the BoNT/E gene. The attainment of the complete nucleotide sequence

of the BoNT/E gene also provided an opportunity to assess the reasons for the apparent

ability/inability of the synthesised oligonucleotides to act as primers in PCR (Table 1). Such

an assessment did not prove particularly informative. Thus, although the presence of 7

sequence mismatches in the case of HE6 may have precluded annealing to BoNT/E genomic

DNA, 9 sequence mismatches in oligonucleotide HE4 apparently did not effect its ability to

prime in PCR, assuming the generated fragment was indeed the region targeted. The success

of primer HE4 may have been due to the fact that the 4 mismatches at the 3' end of the

oligonucleotide would all have resulted in neutral d(GT) pairing. More difficult to explain

was the inability of LEI to act as a primer ( only 2 mismatches).
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The complete amino acid sequence of the BoNTIE gene

The deduced amino acid sequence of BoNT/E demonstrated that the neurotoxin is

comprised of 1252 residues, making it the smallest neurotoxin yet characterised. The amino

acids at positions 423 through 435 demonstrated perfect agreement with those determined

experimentally by NH2-terminal sequencing of the purified BoNT/E H chain (Sathyamoorthy

and Dasgupta, 1985; Schmidt et al., 1985). A more extensive recent sequence had indicated a

presence of a single unassigned amino acid ("X") at BoNT/E H positions 16 and 19 (Dasgupta

and Datta, 1988). The sequence deduced here indicates that the first "X" equates to the

dipeptide sequence Ala-Ser, while the second "X" is a Ser residue. Comparisons between the

NCTC 11219 L chain and the partial amino acid sequences of the BoNT/E L chains of strain

eluga and strains Mashike, Iwanai and Otaru, indicated a single amino acid difference in each

case. Thus, the Gly residue at position 177 in the NCTC 11219 toxin has been replaced by

Arg in Beluga BoNT/E, while the Lys amino acid at position 230 in the NCTC 11219 BoNT/E

is Met in the equivalent position of the three Japanese strain-derived toxins.

1.3 CLONING/ SEQUENCING OF THE BoNT/B GENE

1.3.1 Summary

DNA fragments derived from the Clostridiurn bowlinum type A neurotoxin (BoNT/A) gene

(botA) were used in DNA/DNA hybridisation reactions to derive a restriction map of the

region of the C. botulinum type B strain Danish chromosome encoding botB. As the one probe

encoded part of the BoNT/A heavy (H) chain, and the other part of the light (L) chain, the

position and orientation of botB relative to this map was established. The temperature at which

hybridisation occurred indicated that a higher degree of DNA homology occurred between the

two genes in the H chain encoding region. Using the derived restriction map data, a 2.1 kb

BglII-Xbal fragment encoding the entire BoNT/B L chain and 108 amino acids of the H chain

was cloned and characterised by nucleotide sequencing. A contiguous 1.8 kb XbaI fragment

encoding a further 623 amino acids of the H chain was also cloned. The 3'-end of the gene

was obtained by cloning a 1.6 kb fragment amplified from genomic DNA by inverse

polymerase chain reaction. Translation of the nucleotide sequence derived from all three

clones demonstrated that BoNT/B was composed of 1291 amino acids. Comparative alignment

of its sequence with all currently characterised BoNT's (A, C, D, E) and tetanus (TeTx)

showed that a wide variation in percentage homology occurred dependent on which component

of the dichain was compared. Thus, the L chain of BoNT/B exhibits the greatest degree of
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homology (50% identity) with the TeTx L chain, whereas its H chain is most homologous

(48% identity) with the BoNT/A H chain. Overall, the 6 neurotoxins were shown to be
composed of highly conserved amino acid domains interceded with amino acid tracts exhibiting

little overall similarity. In total 68 amino acids, out of an average of 442, are absolutely

conserved between L chains and 110, out of 845 amino acids, between H chains.

Conservation of Trp residues (1 in the L chain, and 9 in the H chain) was particularly striking.
The most divergent region corresponds to the extreme carboxyterminus of each toxin, which

may reflect differences in specificity of binding to neurone acceptor sites.

1.3.2 Results and Discussion

Southern blot analysis of the botB gene

A 389 bp HpaI-XhoII botA fragment, encoding amino acids 216 through 346 of the

BoNT/A L chain, and a 628 bp HaeII-HindIII fragment, coding for amino acids 526 through

736 of the H chain (Thompson et al., 1990), were radiolabelled and used in DNA/DNA
hybridisations with type B chromosomal DNA cleaved with various restriction enzymes.
Reactions were performed in aqueous solution over a range of temperatures. "Weak"

hybridisation between the two genes was found to occur at 53°C and 56'C with the L and H

chain probes, respectively (data not shown). The strength of the signal observed, and the
relatively low stringency required were indicative of a fairly low level of DNA homology

between botA and botB. Furthermore, these results suggest that the L chain encoding regions

of the two genes are less homologous than the H cha.n encoding region, at least in the areas
probed. Having established the conditions at which hybridisation occurred, the type B

genomic DNA was cleaved with various combinations of restriction endonucleases and the

nylon membranes carrying the resultant fragments sequentially hybridised with the two probes.

The data obtained allowed the derivation of a restriction map of the region of the type B

genome encoding botB. Furthermore the use of the two probes enabled the assignment of both
the position of botB and its relative orientation, with respect to the derived map (Fig. 3).

Cloning and sequencing of the botB L chain.

The restriction map derived by the Southern blot experiments (Fig. 3) indicated that a 2.1

kb BglII-Xbal fragment principally encoded the L chain of BoNT/B. fo clone this DNA, and

to minimise the risk of cloning contiguous BoNT/B encoding regions, the targeted fragment

was purified by a two-stage gel isolation procedure. C. botulinum type B chromosomal DNA
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was cleaved with Xbal and fragments of approximately 7.5 kb in size purified from agarose

gels by electroelution. The isolated DNA was then subjected to digestion with BglII, DNA

fragments of around 2.1 kb in size gel-purified, ligated to similarly cut pMTL32 vector DNA

X Hp Ha H

Wt kea BoNT A derived
light heavy DApoe

H H D HH DX Ha, N,E B X D H~

2kb I II I i I I
II iI
I I I

I Genomnic clones
KEY: pc81 pl *x cBB2

IX1 X2
B Bgl II X3 X4

E Eco RI **-*-.--..'.-.-.*.•.*.*.*. Inverse PCR clone
H Hind III pCB83
Ha Hae III

Hp HpaI
X Xbal

Xh Xho II

7 7 \%\, %Structural gene

L: ht Heavy

Fig. 3. Strategy employed in the cloning of the botB gene. The illustrated restriction map of the C.

botulinum genome was generated using the indicated botA DNA fragments as probes in Southern blots.

Regions of the strain B/Danish chromosome, that were cloned in the recombinant plasmids pCBB 1 and

pCBB2, are represented by open boxes below the restriction map. The cloned inserts of these plasmids

were shown to be contiguous on the genome by PCR amplification of the region of the chromosome

spanning their common Xbal site, using primers X l (5'-CCAAGTGAAAATACAGAATCAC-3') and

X2 (3'-CCCAC1TTGTCTATCATTTA-5'), and sequencing across this juaction. The insert of pCBB3

was derived by PCR amplification of Hindlll cut, concatenated chromosomal DNA using primers X4

(5'-AT-AGAGATTTATATATTGG AG-3') and X3 (5'-TTATATACAGCCAAATGCTCCT-GC-3')

(Fig. 4), and the resultant TGI transformants screened for the presence of recombinant clones

using the botA L chain probe. The vector pMTL32 was specifically constructed for the
purposes of cloning the botB DNA (see Fig. 4). Based on the pM-1 L1003 backbone (Brehm et

al., 1992), it carries multiple cloning sites flanked on either side by tandem copies of

transcriptional terminators. Heterologous genes inserted into the multiple cloning sites will
therefore only be expressed if they carry indigenous transcriptional elements recognised by the
RNA polymerases of E. coli.
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POLYLINKER Hind[H
Sphl
Pstl
Stul

BgmlrrnB •TT•trpA BgoM
NcoIAt-- --T Aat]]

T1 Sanl/T2 T3 nal

Bamffl

* pMTL32 SHnIKpnl
(2-5 kb) ss11

EcoRI
ORI sstl

Sinai

AP R KpnI* NcoI
SphI
Clal
BglJ
XhoI

0"0

Fig. 4. The cloning vetorpMTL32. This plasmid was derived as follows. A synthetic DNA fragment

(5'-AGCCCGCCTAATGAGCGGGCTTTTTTT-3'), corresponding to the E. coli trpA transcriptional

terminator, was ligated to StuI -cleaved pMTL23 (Chambers et al., 1988) and a recombinant plasmid
• selected (pTRP23) in which two tandem copies of trpA had been inserted. The resultant double

terminator, together with part of the pMTL23 polylinker region, was excised as a 107 bp NruI-EcoRI

fragment and inserted between the EcoRI and EcoRV sites of plasmid pMTL1003 (Brehm et al., 1991).

As the c. 350 bp EcoRI-EcoRV fragment of pMTL1003 is deleted during this manipulation, the

resultant plasmid, pMTL32, does not carry a copy of the trp promoter.

The recombinant plasmid obtained, designated pCBB1, was shown by digestion with

appropriate endonucleases to contain restriction enzyme recognition sites consistent with the

map illustrated in Fig. 3. Its entire insert was excised by digestion with BamHI and BglII

M13 recombinant templates containing random inserts derived using a sonication procedure

(Minton et al., 1986). Using these templates, and custom synthesised oligonucleotides the

entire nucleotide sequence of the insert was determined on both strands. Translation of the

resultant sequence indicated the presence of an open reading frame (ORF) encoding a

polypeptide of 549 amino acids in size. The aminoterminus of this polypeptide exhibited

perfect conformity to that experimentally determined for purified BoNT/B L chain

(Sathyamoorthy and DasGupta, 1985). Amino acids 442 through 459 were identical to that
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determined for purified BoNT/B H chain (Sathymoorthy and DasGupta, 1985). Thus the insert

carried by pCBB1 was deemed to encode the entire L chain of BoNT/B and 108 amino acids

* from the H chain.

Cloning and sequencing of the botB H chain.

Having established that the 2.1 BgllI-XbaI fragment encoded the entire BoNT/B L chain

and the aminoterminus of the H chain, it was apparent that the adjacent 1.8 kb XbaI fragment

(Fig. 3) should encode the majority of the remaining H chain. Type B chromosomal DNA was

• cleaved with Hindlll, fragments of approximately 3.5 kb isolated, digested with XbaI and

fragments of around 1.8 kb in size gel purified. The isolated DNA was ligated with XbaI-

cleaved pMTL32, transformed into E. coli TGI and recombinant plasmids identified by

probing with the radiolabelled botA H chain probe. One such plasmid was designated pCBB2,

* and the nucleotide sequence of its insert determined, following its insertion in M13mpl8, by

employing custom synthesised oligonucleotide primers.

Translation of the nucleotide sequence obtained revealed the presence of an continuous

* ORF of 623 codons, in the same reading frame relative to the XbaI site of that of the insert of

plasmid pCBB1. To confirm that the two sequences were indeed contiguous a 289 bp region

of DNA encompassing the XbaI site was amplified from type B genomic DNA using the

primers X I (5'-CCAAGTGAAAATACAGAATCAC-3 ') and X2 (3'-

* CCCACT'ITGTCTATCATTTA-5') in a polymerase chain reaction (PCR), and cloned directly

into ddT-tailed SmaI cut M13mp8. Nucleotide sequencing of a derivative template, using

universal primer, demonstrated that the inserts of plasmids pCBB1 and pCBB2 were

contiguous in the C. botulinum type B chromosome.

Completion of the botB sequence.

* By combining the two sequences of pCBB1 and pCBB2, the derived contiguous ORF

encoded 1170 amino acids, indicating that some 120 or so codons of the botB gene were

missing. A DNA region encompassing the remaining 3'-end of the gene was cloned by inverse

PCR. Type B chromosomal DNA was cleaved with HindlIl, incubated with T4 ligase, and the

* resultant concatenated DNA used as a template in PCR with the oligonucleotides X3 (5'-

ATAGAGATTTATATATTGGAG-3') and X4 (5'-TTATATACAGCCAAATGCTCCTTGC-

3'). The 1.6 kb fragment generated was cloned directly into the specialised vector pCR1000

and the recombinant plasmid obtained designated pCBB3. A plasmid sequence reaction,

* undertaken with a primer previously employed in the determination of the nucleotide sequence
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of the insert of plasmid pCBB2, confirmed the presence of the botB gene. Thereafter the

nucleotide sequence of the region of pCBB3 encompassing the 3'-end of botB was determined

* by subcloning selected overlapping fragments into M13. To rule out the possibility that the

insert of pCBB3 may have contained PCR-induced errors, a second version of this plasmid

recombinant was derived by cloning the amplified DNA product from a further independent

inverse PCR. Nucleotide sequencing of the appropriate regions of this second plasmid gave an

* identical sequence to that already derived from the primary isolate of pCBB3.

RBS M P V T I N N F N Y N D P I D N
1 AGCAATTTATGGCATTAAAAGGGATATAAACT TAAAATAAGGAGGAGAATATTTATGCCAGTTACAATAMATAATTTTAATTATAATGATCCTATTGATA

NMN I I MM EP P FAR GT G RYY KA F K I T DR I1W I I PE R
101 AATAATTAGTGGCCATGGGGTCGGGTTAAACTTAACCGTGATGAATCGAA

Hi nd~ll
Y YTF GY K PED FN K SSG IFNRDVCEYYDPDYLNTN

201 AAATTGAAAACGGATTAAAGTCGATTATGGTTTTATTAGTCGTATAAATA

D K K N1 F L 0T M I K L F NR I KS K PL GE KL LE MI I1NG1
301 GTAAGAAATTAAAATACATATATGACATAACATGTAAGTTAAAGTAAAGT

P YL GD RR VP LE E F NTMN I A S V TVMNKL I S N PGE VE
401 ACATTGqGTGCTTCATGAATTAAAAATCATTATTATATATATACAGGATA

R KK G I F A NL I I FG P GP VL NEMNE T I D I GI10 MH FA
501 GGAAAGTTTCCATTAATTTGCTGCATTAAGAAGGCAAAAAGAAAATATTC

S RE G F GG I M M KF C PE Y V SVFN NV QE NK G AS I FMN
601 TAGGAGTCGGTTAGAAGATTGCAATTTACTTTAATTCAAACAGCCATTTT

R RG Y F SD PA L I L MH E L I H VL H GLY G I K VD D LIP I
*701 AAAGGAATTCGTCGCTAATAGAGATAAAGTTCTGTAAGCTAATGTATACA

V PN E KK F FMQS T DA I Q AE EL YT FG G QD PS I I T P
801 TTCAAGAAAATTTTCACAAAGTTCGCGAACAAAATGAGCAACCGACTATC

S TDK S I Y D KV LQN F RG I VODR LNK V L VC I S D PN I N
901 TTCGTAATTTTAAATTGAATTAAGAATGTGCTAAGTTATTCTTAACTAAT

I NI Y KN KF KD KY KF VE DS E G KYS I D VES F0K L Y
1001 AATAAAAAAAAATAAAAAAAATGTAGTCGGGAAAATTGTTGAGTTAAATT

K SL MF GF TE TN I AE NY K I KT RA S YF SD SLP PV K
1101 TAACTAGTGTTAAAATAAACGAATTAAAAATGGTCTTTATATCTCACGAA

Hindi I I
I K N1LL D NE I Y T I EE GFMN I S D KD ME KE Y R G N KA1

1201 AAAATTTAAATAACAATTGGAGGTATTTTAAAAAGAAAATTGGTAATAGT

N NK QA YEE I S KEHL A V Y KIOM C KSVK A PG ICIDV
1301 TATACACTTAGATACAGGATGCGAAAGTCATTTAATTAACCAGAAGATAG

Hi ndlII
D NE DL FF1I AD K NS F S DI SK NE R I E YN T QS NY I

1401 TAATAGTTTCTAACGTAATGTTCGTATACAAAGAGAAATTAAAAATATTT

E ND F P I M EL I L D T DL I S KI E LPS E N TES L TD FN V
1501 GAAAATGACTTCCCTATAAATGAATTAATTTTAGATACTGATTTAATAAGTAAAATAGAATTACCAAGTGAAAATACAGAATCACTTACTGATTTTAATG

D V P VYEK QP A I K K I F T DE NT I F QY L Y S 0T F PL D
1601 TGTTCATTTAAAACCCAAAAATTTCGTAATCACTCAATAATTAAATCTTG

Xba I
I R D I S L T SS FOD0A L L FS N K VYS F F SM D Y I K TA N

1701 TTAAAAAGTACTTCTTAGTCTATTTCACAGTATATTTCAGATTTAACGTA

K VVE A GL FA GW VK Q I V ND F V I E A NK SN T MD K I A D
*1801 AATGAAGAGTATGAGTGTAAAAATATATTTACAGTAAAGATCAGAAATGA

I S L I V PY I G L ALNV G NE TA K GN F E N AFE I A GA S
1901 AAACCATGTCTTTGATGTTATTGAAGACGTAGAATTAATCTTAATCGACA

Fig 5. Complete nucleotide sequence of the type B gene. The illustrated sequence was derived by
* amalgamation of the derived nucleotide sequences of the inserts of pCBBI to pCBB3 (Fig. 3). The
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I L L E F I P E L L I PV V GA F L L ES Y I D NK NK IlIK TI1

D N AL T K RNkE K WSDMNY GIL I V A UWL S T V N TaQ F V T I K
2101 GATAATGCTTTAACTAAAAGAAATGAAAAATGGAGTGATATGTACGGATTAATAGTAGCGCAATGGCTCTCAACAGTTAATACTCAATTTTATACAATAA

E EG VYK AL NY QA 0A L EE I I K YR YN I YS E KE K S N

N I D F ND I NS KL NE G I NQ0A I DON I NN F IN G C SV GV

L MK KM I PL AV E KLLD F DN TL KK NL LN Y I DE N KL Y

L I G SA E YE KS KVN K YL KT I M P FDL S I V T NDT I L
2501 ATTTGATTGGAAGTGCAGAATATGAAAAATCAAAAGTAAATAAATACTTGAAAACCATTATGCCGTTTGATCTTTCAATATATACCAATGATACAATACT

I E M FN KVYN S E I L NN I I L NL RVYK DNN L ID L S GY G
2601 AATAGAAATGTTTAATAAATATAATAGCGAAAT TTTAAATAATATTATCT TAAATTTAAGATATAAGGATAATAATTTAATAGATTTATCAGGATATGGG

A KV E VVYD GVE LN D KN Q F KL TS SA NSK I R VT 0N QN

I I F N SV FLD F SV S FWI R I P KY KND G I Q NY I NN E
2801 ATATCATATTTAATAGTGTGTTCCTTGATTTTAGCGTTAGCTTTTGGATAAGAATACCTAAATATAAGAATGATGGTATACAAAATTATATTCATAATGA

YVT I I N CMK N NS G WK IS I R G NR I I U T L ID I N G KT

K S V F F EY N I RE D IS EY I N RUW F F V T I T N N L N N A K I
3001 AAATCGGTATTTTTTGAATATAACATAAGAGAAGATATATCAGAGTATATAAATAGATGGT TTTTTGTAACTAT TACTAATAATTTGAATAACGCTAAAA

YVI N G KL E S N TD I K D I R EV I A N GE I I F KL D GD I D
3101 TTTATATTAATGGTAAGCTAGAATCAAATACAGATATTAAAGATATAAGAGAAGTTATTGCTAATGGTGAAATAATATTTAAATTAGATGGTGATATAGA

R T Q F I U MKVY F S I F N T E L S QSN I EE R YK 1 OS YS E

Y YL KDFWG N PL M YN KEYY MF N AG N KN SY IKLKKDS

P V GE I L T RS KVYN QN S KY I N YROD LVYI G E K F I I R R

K SN S QS I NODD I V RK EO VYI Y LD F F N L N0EUWR V Y T
3501 AAAGTCAAATTCTCAATCTATAAATGATGATATAGTTAGAAAAGAAGATTATATATATCTAGAT TTTTTTAATTrAAATCAAGAGTGGAGAGTATATACC

* ~Xba I
V K V F K K E E E K L FL AP!I S DS D E F V N T I Q01K E Y D E Q

P T YS CQL L F KK DE E ST DE I G L I G I H R F YE S GI V

F EE YVKD V F C I S KUWV L KE VK RK P YN L K L G CNUWO F

I P K D E G U T E Ter
3901 ATCAAAGAGTGCGAATTATTTCCGAACATTTTAAAGTAGTAAATTAGTAG

4001 ATGTAGCTAAATTTTGAATATTAGATAAACTACATGTTT 4039

Fig 5. Complete nucleotide sequence of the type B gene (continued)

BoNT/B amino acid sequence is given in the single letter code above the first nucleotide of the

corresponding codon. The ribosome binding site is indicated by a line above and below the sequence.

* The entire nucleotide sequence of the botB gene (Fig. 5) was obtained by splicing the

individual sequence information derived from the inserts of pCBBI, pCBB2 and pCBB3 into a

contiguous sequence. The gene is composed of 1291 codons, initiating with an AUG codon at

position 55 and terminating with a UAA stop codon at position 3928 (Fig. 5). The choice of

* these particular translational codons is typical of clostridial genes (Young et al., 1989). As
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with all other bot genes characterised to date, the high A+T content of the DNA (74.6%)

results in an extreme bias towards the use of codons ending in A or T, and the frequent use of
* codons recognised as modulators in E. coli. The translational start codon is preceded by a

sequence typical of clostridial ribosome binding sites (Young et al., 1989).

Alignment of the nucleotide sequences of the two botA-derived DNA probes used in

* Southern blot mapping with the equivalent regions of botB, confirmed that the greater degree

of homology existed in the respective H chain encoding regions over those encoding L chain.
Specifically, the 628 bp Haelil-HindIII botA fragment demonstrated 65% homology with botB,
whereas the 389 bp HpaI-XholI botA fragment had 54.8% homology with botB. Comparative

• alignment demonstrated that, in general, the overall DNA homology between the H chain and

L chain encoding regions of all sequenced neurotoxin genes reflected the level of amino acid

sequence homology (Table 2), and averaged between 50 to 60% identity. One consequence of

this relative dissimilarity between genes is that DNA probes specific to each toxin gene may be

* easily designed. However, although there is sufficient homology in certain regions to derive a

generalised probe for the generic detection of neurotoxin genes, it has not proven possible to
design a probe which hybridises to all bot genes and not to the TeTx gene (unpublished data).

0
The complete amino acid sequence of BoNTIB.

The deduced primary sequence of BoNT/B demonstrates that the toxin is composed of 1291

* amino acid residues. By comparison to partial amino acid sequences derived from purified

polypeptides from other C. botulinum type B strains, it is apparent that variations in toxin

structure occur. Thus although amino acid residues 2 through 17 exhibit perfect conformity to

the sequence derived by Edman degradation of purified BoNT/B L chain of strain B/Okra

4 (Sathyamoorthy and DasGupta, 1985), the amino acid at position 23 of the H chain was

,determined (DasCupta and Datta, 1988) to be Arg rather than the Ser residue seen here

(position 464, Fig. 4). Similarly, the BoNT/B of strain B/657 possesses a Met amino acid at
position 30 of the L chain (DiGupta and Datta, 1987) compared to Thr in the case of BoNT/B

* of Danish and B/Okra. Variati, ,rs in the primary amino acid sequence of other types of BoNT
have been noted, eg., between BoNT/A of strain 62A (Binz et al., 1990) and strain NCTC

2916 (Thompson et al., 1990), and between BoNT/E of strains Beluga, Mashike, Iwanai,

Otaru and NCTC 11219 (this study). In the case of BoNT/B, such variations go some way to

* explaining observed dissimilarity in the immunological properties of BoNT/B isolated from

different strains (Hatheway et al., 1981; Notermans et al., 1984).
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1.4 CLONING/ SEQUENCING OF THE BoNT/F GENE

1.4.1 Summary

The oligonucleotide primers HE2 and HE5, previously employed in the PCR-mediated

amplification of a 1.2 kb region of the botE gene, were used to amplify an equivalent region

from the botF gene of the genome of a proteolytic C. botulinum type F strain. This amplified

region was c!oned into pMTL32 and, following the determination of its nucleotide sequence,

* used as a probe in Southern blot experiments to elucidate a restriction map of the type F

genome encompassing the botF gene. The information was then used to assist in the cloning of

4 further overlapping fragments, amplified by PCR. Nucleotide sequence analysis of the

inserts of the resultant plasmids (pCBF1-5) has allowed the derivation of the entire nucleotide

* sequence of the botF structural gene. Translation of the sequence revealed that BoNT/F is

composed of 1278 amino acid residues. In relation to the other serotypes, the L chain exhibits

the closest similarity to the L chains of BoNT/E (57%) and TeTx (43.5%), while the H chain

most closely resembles BoNT/E (68%) and BoNT/A (44%). The nucleotide sequence of two

* other BoNT/F genes have also recently been determined, that of a non-proteolytic type F C.

botulinum strain (ATCC 23387) and that of C. baratii ATCC 43756. All three toxins exhibit a

surprising degree of divergence to each other. Thus, the L chain of the BoNT/F of strain

Langeland shares 94% and 63% identity with ATCC 23387 and 43756, respectively. In

* contrast the H chains share 84% (ATCC 23387) and 79% (ATCC 43756) sequence identity.

1.4.2 Results and Discussion

Cloning of H chain encoding DNA by PCR

* The oligonucleotide primers HE2 and HE5 (Table 1) had previously been shown to effect

the amplification of a 1.2 kb fragment in a PCR using both type B and E DNA as template.

When these two primers were employed in PCR using type F chromosomal DNA, an

identically sized fragment was generated. This fragment was blunt-ended by treatment with

* T4 DNA polymerase and, following its isolation from an agarose gel, inserted into the SmaI

site of pMTL32. The entire insert, and specific subfragments, were excised from the

recombinant plasmid (pCBF1, Fig 6) and subcloned into Ml3mpl8 and M13mpl9. Templates

prepared from the various recombinant phages were then subjected to nucleotide sequence

* analysis using universal primer. In certain instances the sequence obtained with a particular
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template was extended using a synthesised sequence specific oligonucleotide. Translation of

the nucleotide sequence obtained revealed the presence of a continuous ORF exhibiting

substantial homology (74.4%) to BoNT/E.

Sea I
NfpH •I NrpH Seal H ill IRV RV RI H Ill

I I
LF7 ILF8 HE2 j HE5

~I I I
pCBF5 pCC8F1

I I IHF2I IHF1 H I
I I:.:.:.:<.:f.:.:.:-.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.. :-.:... :..:4

0 1kb I pCBF2

I I ILF5 LF6' HF3 HF4I

pCBF4 pCBF3

Fig. 6. BoNT/F gene cloning strategy. The 5 PCR-amplified regions of strain Langeland

0 chromosome, that were cloned in the recombinant plasmids pCBF 1-5, are represented by

appropriate boxes below the restriction map of the region of the genome encoding the BoNT/F

gene (bold line = light chain, hatched box = heavy chain). An open box (pCBF1 & pCBF5)

indicates the amplified region was obtained in a standard PCR, the dotted boxes (pCBF2-4)

represent regions amplified by inverse PCR. The vertical dotted lines identifies the boundaries

of the concatenated restriction fragments employed as the substrate for inverse PCR, using

primer pairs HF1 to HF4 and LF5 + LF6 (see text for sequences). Primers HE2 and HE5 are

those used in the cloning of the equivalent region of botE. Abbreviated restriction sites are: RI,

EcoRI; RV, EcoRV, and; HIII, HindIl.

Cloning of contiguous BoNT/F encoding DNA

To facilitate the cloning of regions of botF contiguous with that present in the insert of

pCBF1, plasmid DNA was radiolabelled and used in Southern blot experiments to construct a

restriction map of the type F genome (Fig. 6). The data obtained suggested that a 2.9 kb

EcoRI fragment encompassed the cloned insert of pCBF1. As this fragment encoded

* significant further portions of the botF gene, it was targeted for cloning by a strategy involving

inverse PCR. Type F chromosomal DNA was cleaved with EcoRI, incubated with T4 DNA

ligase and the resultant concatenated DNA used as the template in a PCR with two

oligonucleotides primers (HF1, 5'-CTCCTAATAATTCAAATGCCTCCTT-3'; HF2, 5'-

* AACTAGTTTTTAATTATACACAAAT-3') complementary to sequences at the proximal and
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distal end of the pCBF1 insert (Fig. 6). The 1.9 kb fragment amplified was blunt-ended and
cloned into the Sinai site of pMTL32 to yield the recombinant plasmid pCBF2. The insert of

* this plasmid was excised by digestion with BgtII and M13 templates containing random inserts
generated using the sonication procedure. The subsequent nucleotide sequence data obtained,
in combination with that previously obtained from the pCBFI insert, resulted in a contiguous

sequence of 2,975 bp in length. Upon translation an uninterrupted ORF was evident encoding

* a polypeptide of 994 amino acid residues exhibiting 66.4% similarity to BoNT/E. From the
alignment obtained between this polypeptide sequence and BoNT/E it was evident that a DNA
region equivalent to some 150 codons was missing from the 3'-end of the botF gene, and

approximately 122 codons from the 5'-end.

Cloning of the 5'- and 3'-end of botF

* To identify restriction fragments encoding the 5'- and 3'-ends of botF Southern blot

experiments were undertaken using type F genomic DNA cleaved with various restriction
enzymes and two M13 recombinant clones, M13F16 and M13F44, as radiolabelled probes.
These two M13 clones contained approximately 500 bp DNA inserts derived from either the

0 proximal or distal ends of the sequenced 2.9 kb EcoRI fragment. Using probe M13F16 a
NspHI fragment of approximately 650 bp in size was identified with the potential to encode
the 5'-end of botF, while the probe M13F44 identified a 2.0 kb HindlII fragment deemed to

carry the 3'-end of the gene. To clone the appropriate coding region of each fragment, PCR
0 was undertaken with concatenated NspHI- and HindIII-cleaved type F chromosomal DNA with

the primers LF5 (5'-TCAGGTCCTGCTCCCAATACAAGAAG-3') + LF6

(5'-CCCCGTTAGAAAACTAATGGATTCA-3') and HF3 (5'-TTACTACTATATATTCC-3')
+ HF4 (5'-GATCCAAGTATCTTAAAAGACTTTT-3'), respectively (Fig. 6). The

• fragments amplified (600 bp in the case of LF5 + LF6, and 1.5 kb in the case of HF3 +
HF4) were cloned directly into pCR1OOO to give the recombinant plasmids pCBF4 and pCBF3,

respectively (Fig. 6).

The complete nucleotide sequence of the BoNT/F gene

The inserts of pCBF4, and a 0.8 kb EcoRI-HindIlI subfragment of the pCBF3 insert, were
* subcloned into Ml3mpl8 and Ml3mpl9 and the resultant templates sequenced using a

combination of universal primer and custom synthesised oligonucleotide primers. In the case

of the pCBF3 -derived templates, the sequence obtained proved to be contiguous with that of
the insert of pCBF2 and allowed the derivation of the missing 3'-end of the botF gene. In the
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CAACAGTGATACAAAATATGAAAGAGAGATATTATAAAATTATTATTCCATTGTTAATCTTCTTTGGGGTAATAAT 1000

GTTTTCTTGAAGATAAACTAAATTGATATAGTAAAATAAACAACTACTAAAAGGATATTAGGACTTGAAGAGTAAG 2000

M PV V I NS FN YN D PVN DD T I L YN I P YE EKS K
GGGATTTTGCAGTTTAAAAAAGTTTAATATATGACCTTTATGATATAAATTTATCATCAGTACCTATAAGAAAAGT 3000

K Y Y K A F E I M RN VW I I PE RN T I G T D PSD FD P PA S
AAAAATTTAAGCTTTGAATTTGCGAATTTTGATATTCTGAAGAATACATAGAACGATCTATGATTTGTCCCCGGTT 4000

L E N GS S AY YDP N Y L T T DA EK D RY L K T T I KIL F KR!I
TTAGAGAACGGAAGCAGTGCTTAT TATGATCCTAATTATTTAACCACTGATGCTGAAAAAGATAGATATTTAAAAACAACGATAAAATTATTTAAGAGAA 500

N SN PA GE V LIO0E I SYA K P YLG NE HT P I N E F P V
TTAAAGTATCTGCAGGGAGTTTGTACAGAATATCTATCTAACCAATTAGGAATGACAACGCAATAATAATCCATCA 6000

T R T T S VN I KS S TN V KSS I I L NILL VL GA G PD I F E
TACTGAATACAGTGTAAATAAATCTCACTATGTTAAATTCATAAATTAATTTCTGTATGGAGCAGACTGAATATTG 7000

N SS Y PVR K L MD S G GVY D PSN D GF GS I N I V T F S PE
AATTTTCTACCCGTAGAAACAATGATTAGGGGAGTTAGACCAAGAATATGTTTTGATAATAATACGTACATTTCCC 8000

Y E YT F ND I S G GYN SST E SF I A DP A I S LA HE L I H
AATATGAATATACTTTTAATGATATTAGTGGAGGGTATAACAGTAGTACAGAATCATTTAT TGCAGATCCTGCAATT TCACTAGCTCATGAATTGATACA 900

A L H G I Y G A R G V T Y K E T I K V K 0 A P L M I A E K P I R I
TGCATGCTGGATATCGGGCTAGGGGTTCTTAAAAAGACATAAAGAAAGAAGACCCTTAGATGCCGAAACCCTAAGC 10000

E E FILT F G G 0D L N II T S AMK E K I Y NN L L AN Y EK I A
GAAGATTTTAACTTGGAGTCAGATTAATATTTTATAGTCTAGAAGAAAAATTATACAACTTTAGCAACATGAAAAT 11000

T R L S RVN SA P PE YD I N E YK DY F 0 WKY GL DK NA D
CTACAGATTAGAGATTATAGTCTCTCCGAATTGAATTATGATATAAGATATTTCATGGAGTTGGGTAGTAAAATGT 12000

G S YT V N EN K FNE I YK KLY S FT E I DILA NK FK VK C
TGGAGTTTACTTAATGAAATAATTAATAAATTATAAAATTAATACTTTCAGGATGACTAGCAATAATTAAATAAAT 13000

R NT Y F I K YG F L K V PN L LODD I YT VS E G F N I G NILA
AGAATACTATTTATAAAATGGTTTTAAAGTTCAATTTGTAGTGAGATATTAACTTATCGAGGGTTAATTAGTAATT 14040

VN NR G QN I K LN PK IlID S I P DKG LV E K I V K F CK S
CAGTAACATCGGGAAAATATAAGTAAACCTAAATATTGTTCATTCAGAAAAGTCAGTGAAAGATCTTAATTTGTAG 15000

V I P RK GT KA PP RL C I R VNN RE L F F VA SE SS Y NE
CGTTTTCTAGAAAGTACAAGGGCCCCGGACTTGCTTAGGTAATATAGGAGTATTTTTGAGCTCAGAAGAGCATAAG 16000

ND!I NT P KE I D DT TN LN N N YRNN LD E VI LD YN SE T
AATGTATAATAACCAAAAAATGACATAAACAATCAAATATATTAAGAATAATTAATGAGTTTTTTGATATATAGTA 17000

I P Q I S NOQT L NT L VO0D D SY VP RYD S N GT SE I E E H
CAATCCTAAATTCAATCAACATAATACCTTGACAGACGTAGTATTGCCAGAATGTTCTATGAACAGTGAATGAGGA 18000

N V VD I N V F FYIL H A K V PE GE T N I S L T S SI D TA L
TAATTTGTGACTTATGTTTTTCTATTAATGCCAAAAGTCCAAAGTGAACTATATAGTTAACTCTTAATGATCGGCT 19000

S E E SOVY T F F S SE F IN T I N KP V HAA L F I S WI NO0V
TCAGAGATCGCAGTTATCATTTTTCTTAGAGTTATAATCTACAAAAACTGTCACCAGCCTATTATAGTGGAAAATA 20000

I R D F T T E A TOK ST F DK I A D 11 V V P YV GLAILN I
TAATAGAATTTACTCTGAGCTCACAAAAGTATTTGATAGATGCAACATTCTTAGTGTACATTGTAGTCTGCTTAAT 21000

G NE VOK E N F KE A F E L IGA G I L LE F V PE LILI P T I
AGGTATGGGTAAAAAGAAATTTAAGAGCATTGAATATTGGACGGTATTTATAGATTTGGCCGAGCTTTATTCTACA 22000

LIVF T I K S F I G S SE N KNK I I K A I N N SL MER E T KUWK
TTAGGTTACAAAAATCCTTATGGTCATTGAGATAAAATAAACATAAAGAATAATATTCTTATGGAAGAAAAAAAGG 23000

ElI Y SW I V SNW LT R I N TOF N K RK E Q MYOAIL0N QV
AAGAATAATAGTGGTAGATCAATTGCTACTAAATAATAACATTTATAAAGAAAGACAATGTTCAACTTGCAAATCA 24000

D A I K TV I E YKY NN Y T S DE R NR LIE S E Y N I NN!I R E
AGATCAAAAAACAGAATGAATTAATATATAATATCTTCGATAGAAAATGACTGATCTGATAAATACAAAATTAAGG 25000
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EL M KK V S LA MEN I ER F I T E SS I F YL MK L I NE A KV
GAATTGAACAAAAAAGTTTCTTTAGCAATGGAAAATATAGAGAGATTTATAACAGAGAGTTCTATATTTTATT TAATGAAGT (AATAAATGAAGCCAAAG 2600

S KL R EY DE G VKEY LILD0Y I S E HRS I L G NS VOE LN
TTAGTAAATTAAGAGAATATGATGAAGGCGTTAAGGAATATTTGCTAGACTATATT TCAGAACATAGATCAATT TTAGGAAATAGTGTACAAGAATTAAA 2700

D L VT S T L N NS I P F E L SS Y T NODK I L IL Y F NK L Y K
TGATTAGGACTGTATCTAATATAGATTCATTGAATTTCTCAATATAATATAAATCTAATTTTATTTAAAAATATAA 28000

K I K D NS I L D MR Y E lN NK F ID I S G YG SN IS!I N GD V Y
AAAATTAAAGATAACTCTATTTTAGATATGCGATATGAAAATAATAAAT TATAGATATCTCTGGATATGGTTCAAATATAAGCATIAATGGAGATGTAT 2900

1 Y S T N R N F GI YS SK P SE VN I AO0N ND I I YN GR Y
ATATTATCAACAATGAATCAATTGAATTATATAGAAGCTAGGAATTAAATACTCAAATATGTATTTATCAAGGTAA 30000

QONF S I SF WV R I P KY FN K VNL N NE YT I 1 DCI RN N
TCAAAATTTTAGTATTAGTTTCTGGGTAAGGATTCCTAAATACTTCAATAAAGTGAATCTTAATAATGAATATACTATAATAGAT TGTATAAGGAATAAT 3100

N S GWK I S LN YN K I I WUTLO0D TA G N N K L VF N YTOM
AATTAGGTGGAAATTCATTAATATATAAATATTTGACTTACAGAACTGTGGAATATCAAAATAGTTTTATTTACAA 32000

IS!I S DY I N KW I F VT I T N NR LGN S R I Y I N GN LI D
TGATAGTTATCGATATAAAATAATGATTTTGAACATTATAAAATGATTGGCATTTAGATTTCATCATGAAATTAAA 33000

E KS I SN L GD I H VS DN I L F KI VG CN D TR Y ,G I R Y
TGAAAAATCAATTTCGAATTTAGGTGATATTCATGTTAGTGATAATATATTATTTAAAATTGTTGGTTGTAATGATACAAGAT~ -1 TGGTATAAGATAT 3400

F KV FD TE L GK TE I E T L Y SD E PD PS I L K D FWG N Y L

L Y N K R Y Y LIL NILL R T D K S I TOQN S N FILN IHOU 0R G V
TGTTTATATAAAGAATTTTTATGATTTCTAAAACGATAGTCATTCTCAAATCAACTTTTAATATTATCACAAGAGT 36000

Y 0KP N I FS NT kL YT G VEV I I RK N GST D I S NT DN
TTATAGAACCAATATTTTCCACACAGATATAACAGAGTGAATTATATAGAAAAAGGATTACGATAATCAATCAGAA 37000

F VR K ND LAY I NV VDR D VE YRIL Y AD I S I A K PEK I I
TTTGTAGAAAATGACTGCATAATTATGAGTAATCTGATTAGATACGGCATAGCTATATTCATTGCAAACAGGAAAT 38000

KIL I R TS N SNN S L GO1 V MD S I G NN CT MN FO0NN N
TAAATTATAAGACACTATTCAACATAGTTAGTCAATTAAGTATGATTCATAGAATAATGCAAATGATTTCAAACAT 39000

G GN I G L LGF HS NN L VAS S WY YN N I R KNT SS N GC
TGGGGCATATAGATACTGGTTTCATCAATAATTGTTGCAGTGTTGTATATACAAATACAAAAATATAGAGTATGGT 40000

F WS F I S KE HG WOE N.
TTTTGAGTTTTTTTAAGAGCTGGTGGAAGAAATAATTAAAATCAAAAAAGGTTTAAATGAGTAAATATTTACCTT 41000

TTTGAATATTTAAATATATAGAACATTATAATTAAAATATATAAACAAACACAATCAATTAAAAATAAATGAGTA 42000

GAAAGTGAAAAGTATTAATAATTAAAACACATTATATTAAAATAGAGTATTCAAGATACTGTATAAAAATCTTAT 43000

CTAGATTATTAACTTTTTGAAAAAATAAAAATAAATTTTTAGAATTTATACAAGACGATTTTTTATGTTTGTTGTAAAGCTT 4382

Fig 7. Nucleotide sequence of the BoNTIF gene. The illustrated sequence was derived

by amalgamating the nucleotide sequences of the inserts of plasmids pCBF1I to pCBF5 (Fig. 6). The

BoNT/F amino acid sequence is given in the single code above the first nucleotide of the

corresponding codon.

case of the pCBF4-derived sequence, however, an alignment of the translated encoded

polypeptide with BoNT/E revealed that the extreme 5'-end of the gene had not been cloned. It

was estimated that, assuming BoNT/F has an identical number of amino acid residues at its

aminoterminus to BoNT/E, 20 codons were missing from the start of the gene.
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To obtained the missing region of botF the high degree of DNA homology between botE

and botF was exploited by synthesising a "sense" strand oligonucleotide primer (LF7,
5'-CAACTAGTAGATAACAAAAATAATGC-3') based on the 5' non-coding region of botE.
Following synthesis of a second anti-sense oligonucleotide primer (LF8,

5'-TGAGGTCCTGCTCCCAATACAAGAAG-3') based on the sequence derived from

pCBF4, the missing region was amplified in a PCR and cloned into pCR1OO0 to give plasmid

pCBF5 (Fig. 6). The complete sequence of the insert of pCBF5 was then determined by the
plasmid sequencing procedure using universal and reverse primer. Having obtained the

complete sequence of the botF gene, further representative clones of pCBF1 to pCBF5, or

their equivalents, were derived from independent PCR's and their inserts sequenced. In those
instances where a discrepancy arose the appropriate region of a third clone was examined. In
total 12 discrepancies were noted, which represents a similar error rate to that seen during the

cloning of the botE gene. The final sequence of the botF gene is illustrated in Fig.7. In
nucleotide and codon composition, it is typical of the other characterised botulinum genes.

The complete amino acid sequence of BoNT/F

The deduced BoNT/F polypeptide is 1278 amino acid residues in length, putting it closer in

size to BoNT/C (1276 aa) than any other neurotoxin. Although no amino acid sequence data
has been derived for any BoNT/F toxin, the complete nucleotide sequences of the botF genes

of a non-proteolytic strain of C. botulinum (ATCC 23387) and C. baratii (ATCC 43756) have

recently been published (East et al., 1992; Thompson et al., 1993). Comparison of all three

sequences reveal an unexpectedly high degree of divergence at both the nucleotide and amino

acid sequence level (Thble 2). The most divergent toxin is that of the C. baratii strain ATCC

S...................................................................................................

F Langeland FATCC 23387 F ATCC 43756
S...................................................................................................

FLangeland - 84 79

FATCC 23387 94 - 73

FATCC 43756 63 63

Table 2. Amino acid homology between the L and H chain components of the 3 different types of

BoNTIF. Figures represent the % identity between di-chain components. The upper quadrant

contains H chain comparisons, the lower L chain homologies. Langeland is a proteolytic group
I C. botulinum, ATCC 23387 is a group 2 C botulinum strain, and ATCC 43756 is a strain of

C. baratii.
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107 20- 30, 40U 50.
BOTE1M [ -l K I N N Y N D P V NO DRDT I LY IP K -PII G C Q E F YKSF NI MKN Iv WI I PE E RN 46

BOTFI 2 PVVIN S N- Y N D P V D•-NDTT I L YQ IIP Y EJDKLS IKK y y K A F E I MJRDN V V I I P E R 50

607 70v 807 907 1007
BOTE VrICT7GTFlP1QFD 1H P PT S LK GDJ SSY Y DP NYLQ S1 D EEKOiF LKIVT KIF NR I NN 96
BOTF, TF Q TIPI oIDIP r 11 D AiLEN• Y Y D , P N T ,. L E T D E K D RLKT[ILKRITNI 100

BOTF 2 T G3JIPEOFDIIDPUPIA8SLjK N GSE6A YTYD P N LT T DAE XD R YILKITT IIK L FiKIR UIH 100

BOTF3 I I G K KIP 8 F r Y P I18 L D SIG 8 S A Y Y D P N Y L T T D A E K D RF L X TF V II L F N 100

110' 120v 1307 140v 1507

BOTE N 1, S G G I 1  L [ E LE S K A N P Y L G N D V TP D F H I G A S A - E [finTF []] N G S Q DI0 LfM 145

BOTF IUNP A GIEVL LIQIE1SIY ARP Y L G NDEHTP I N E FHSP V TFRI T TS6V N IIKIIIN V KSF I 1 150
BOTF2 N P YLGNDRTPID FSPVTRo 5

160v 170v 180T 1907 200v

BOTE PN V_ I 1MF P L E T N S S N I S L R . N N Y M P S N H G F G S I A I V T F S P £ YS 191

BOTF1 L [L ~L VWG A G FD I FE N S S Y[R K LMDSCGGV YD P 6NODG FG I1N I V T 8PEZY E 200

BOTF2 L N LL VILG AG P DI F ES CC YIP VRIKL I D P DV VY D PS N YG FGE 1N IV TFEP 8 ZY 200

BOTF3 FPNNLPVI I A -D 1K GFG L S _E 199

210v 220v 230v 2407 250v
BOTE F R[FNFDN ----------- N EQPAL ýLJH E L I HSL H G L Y G A KljIT Y-T Q 235

BOTF 1, [MYTF N DS I I G G Y N S T E I A L A R E LEALHGL Y G A R.G..V.TTY K "EK 250

BOTF2 IYTIFN DI S G G HN SS[ TIE SrI A D PA18L A REZL I RAL RG LTYG AR G VTY E E[IEI 250
BT 3 YA MFN D- - - - - - -NTD L F I A O P A 1E L A R E LI R V LG L YGAKJNKWE! 24

260Y 270v 280v 290v 300v
BOTE K N P--I T N I R G T N I E E F L T F G T L N I I T S A Q S N D N L L DJYK K I A S K 285

"DOTF1 K QAPL "III PPIJR LE E [ LT FG.G Q D L N I I T S•A KEI TNIN LLANYEIKI AIT[R 300
DOT?2 K QjA[P L M IIAEPI R L K ZN A NT YGQON ISKEII[LUI EK IJA TIýRI 300

BO'rF3 bijC1 UA[ YO KI Eg SINGQLN Y AN A 292

310v 320v 330v 340v 350v
BOTE LS-K V S PV - - LLNPY K D-V FEJAK Y G L DKDnSNIAV N I N K F N • rI K K L Y S 333

BOTF 1 L 8 R V NIS A P P E Y DI DIE Y F Q WI G Y. DOK N A D SY T V N ENK F U EI YIKL c$ 350
BOTF2 jLjEYUSPJYI~I~]FWTLK~IljT~~~F!ITIYl350

DOF []0 SAL M TYKN F P Q V K Y G L 0 Q D S N U I S RF)!N A I F 8 34'

360v 370v 380v 390v 400v
DOTE [• - F -TK--VQ -- 0Q ---YI G Q KM Y KLFKL NS N - S - N I G NF N K 383
DOTFIFT ED L AINIK FIKIV C RINIT YIF I K MCF LVPIN L L D DDIDII YIT V 8EGFUIGNLA' 400
BOTF2 P T Z S D L A N K r K V K. C R N TY F I K YE F L KV P NL L D D D I Y T V 'vN 400
BOTF3 F MT EC M ___Q KH__Q V MXN R S UNY L F H F K P F R L L D L L D D N Is YI R in392

4107 420v 430Y 440v 450v
DOTE RIGR-G NAN -N-P RI-IT P _R GR F -C _ K N I V S V K•G _ - - K S I C-- E I N N 431

BOTF1 NR GQN I KL NP K IID SI PD K GLVE K IV KIFCKSV I PR XG TKA P PR L C IR VUN 450

BOTF2 UN R Q QEI K LNP K I I DS IP DK QLVZK IT V~ F C K S V I P R K GT K A P P R L C IR V U U 450

BOTF3 U N G Q N IINLN S R IV G P IP O N ILYE R FTC K S IV S K K G - N S LCIKY V NU 440

460v 470v 480r 490v 5007
DOTE G EL F F V A S E NS Y NOO DN I N T P K ElI DODT V T S N N N Y EN ODrED Q FV I LIN FFN S E S A P 481
BOTF 1 R E L F P, V A Z8 Y U E NINDzI T P K•I DD T TN L NNN Y R 1N L D E V I L D Y N BE T oo500
BOTF 2 S EL FFT V A 8 E S E Y NE UDI T P•K9E IO D TT N LU N N YIRLNN L D E V I L D Y N 6 500

BOTF 3 R DOL F F V A S Z S B Y N E NIGC I N SP K E I 0 D T T I TIN N N Y K K N L D E V I L D Y N 8 D A [L I 490

510T 520v 530v 540T 550v
EOTE G LC D E K LT IrON [A P K Y DS N G T SLDIEH DVN EL N V F F Y LDA Q K V P E G 531
BOTF 1 QIENQTLNTLVQDD8YVPRYDEUGTEEIEEHNVVDLUVPVYLHAQKVPEG 550
BOTF 2 Q I N R T L TLVIQIDB Y V PIR Y D O N G T 8 E I E EY D V DF NV F F Y L HIA Q K V P E G 550
BOTF 3 N L S R L T ALQJN D 8 Y V N PK Y U 6 N G T E I KE•EY T V D K LU V F FY L YA Q K APE ZG 540

560v 570v 580v 5907 600v
!OTE "N NV.N L -7S S I D T A L L E Q PKI Y T FFSSEFINNV[ PVQAALFVSWIQ[Q V LV 581
BOTF1 E T N I S L T S 8 I D T A L[JE EQV Y T F F 8 S E F I N T I K P V H A A L F I S W I N QVIR 600

BOTF 2 TLNI S L T S 9 1 D T L L L E E KD IO_-F F S E E F IF] T IU K P V N A A L F I EW S K VIR 599

BOTF 3 LS AII 1 L T S SV 'N-A• LLD ALfVIY TFF S S DFV._V•Q AV APvQA L F IS-W I Q Q V IjN 590

610T 620v 630v 640v 6507
BOTE D F T T E A NLQKSTV D K I A D I SIVVPYIG L A L N G N E A 31KGNF ALLE L L G A G 31

DOTFD 0 F T T E A Q X 8 T F 0 K I A 0•I S L V V P Y V G L A L N I C N E V 0 K[]N F K E A F E L L G A G 650
BOTF2 D F T T E A T Q K S T V D K I A D 1 8 L I V P Y V G L A L N IFI I1 E A $E K C N F~fE A F E L L G~fG 649
BOTF 3 D F T T E A T Q K S TI D IADI E LiY P Y V G L T L N A G N E VQKCU G N F K E AIlE L L G A G 640

660T 670v 680v 690v 700v
BOTE I L L E FLE P E L L I P T I L V F T I K S FL SC N K N K V I K A I N N A L K E RD E K W K E V 681
BOTF I L L E F V P E L L I P T I L- V F T I K F IlGCIS E N K N X I I A SIMIE E AI E T IKWKE1 700
BOTF2 I L" L z r v P E L ffI P MI L V F T I K (y)I D S Y E NXNKA I X A I N N S LI I• E R.^1 E A -I W 9
BOTF3 I LLEFVPELIPZLTFTIVFTI KS FY INKSNDDKIA IUSII K I E E M•LI IWIV 690

Fig. 8. Amino acid sequence homology between the different BoNTIF's and BoNTIE
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710v 720v 730, 740, 750v

BOTE YS F I V S NQW Q Q-T-I I E S K Y N S Y T L E E N 731

BOTF
2 

Y a W I V S N W L T R I N T Q F N K R K E Q M Y Q A L Q N Q V D A I K T A I E Y K Y N N Y T S D E K 749

DOTF2,Y a w I V 6 N W L T K I N T Q F N K R K I Q M Y Q A L Q N Q V D Z 1 K TAI E Y K V N N Y 7 L j J 740BoMrF3RM1i N R , E , TQr., •Q. YQ A LQ VD I X K I I~~ E YX Y NN Y TILM 740

760v 770v 780v 790' 800'
DOTE ~ ~ ~ ~ ~ ~ ~ ~ - EETKDKrnNLQV V KN[~0iTLES SYNI I (N K 78

SOT• 1 N ELETSlNEKYNDlI K NI EEL N K xKV S L A .EIN N EIR FI TESS I SLY L M K L I A N VS 800

BOTF2 1NRL ESZYNI NN EEELNKKVSL KINIIEIKEIFMTES I SYLNXIL VEAIVGI 799

BOTF 3 5 TfR A Y SKE EEL N K K V S L A K QU__D __LT E I S Y L K L INE A KI N K 790

810T 820v 830v 8409

BOTEI R E Y 0 E N V K T Y L L N Y I 1 0 [HJ G S I L G E - [MQ Q EF L N S M V 7 L N N S I P F K L S S Y' 830

BOTF R E Y D E GV K E Y L LEY I S E H R S I L G N - V Q E LXD L V T S T L N N S I P F KL S Y 849

BOTF2 KLlK, YD N H 'VJ S DEL L NY I L D0RIIL H E - Q INEIS 0DIL VO TS T L N[S I P F L S S Y 848
BOTF 3 •SE Y D K RV N Q Y L L N Y I L E N S S T L G0• SfV P N LLLJJ N T L N N S I P F K L S E V 840

850v 860v 870v 880T 890'

DOTE DD K I L I S F-K F F K RINUTI I N G D V YK 880

0T F 1 N D K ILI I LI KLYL[ K IK DIU IS I LIDIM R Y E N N K F I D I S G Y G 6 N 1 B N N G D V YI 899
BOTF 2 [T N D K I L I I j R LIY X K I I D' s LID KRTENNKFIDISGTGSNISINNV.I 8

BOTF 3 T N D I L I H I L I R F Y. R[.J Ds I L NK[ D S G N11S S N G DI Y1 890

900T 910T 920v 930v 940v

DOTE YIP NKNQFGVNO LSE V S Q N D Y I I Y DON KI K N F S I S F W V R I P NY O N K 1 930

B0TF 1YaTSTN RN Q FG I SiK PIS E V NIAIQN N1D II Y N G YTQN F SI S F WVR I P KY F[N K V 949

BOTF2 1 N Q NII R L E V N I A Q N N DIII N I v S KY NF S I 1 F V V R I P K H Y K P 947

BOTF3 Y 8 T N R N Q F G I Y SU. RIL S E V N I T Q N T I IYNSlSR Q N F S V S F U V R I 1 K Y Y- L 939

950v 960v 970v ",80 990T

DOTE V ~ NNSGWKVSL---M I WT LQ DN A GIN Q KL A[F NY 977

BOTF, - IN L N N E Y T I 1ý3C %IR N N N 8 GM K 281 L - - - JY JK I1I1W? L Q 1) T AG N N Q K L VIFPNY 995

BOTF 2 MNIN H N[E] Y T I I N C M G N N N 8 G W K I S L. R T V R D C E I I W T L Q D T S G N K E N L I Ir[EY 99
BOTF3 K IlLI N N E T I I N C N R N N N S G W K I S L - - -'H)Y[E] NIX I W T L Q Dý ITG N N Q K H •L _M 986

1000V lOl0 1020. 1030v 1040v

DOTE G NAN GI S DYI N KWI F VT IT N JR L G D SIK LVYI NG NL I D Q K I LNL[ G ]NI H V SD 1027

BOTF 1 T Q M I S I 8 D Y I N K W I P V T I T N N R L Q N sIR I Y I N G N L I E K I sISIN L GI 0 V S SD 1045

BOTF 2 E E L N R I S(Y I N K W I P V T I T N N R L C N 1 R I Y I N Q N L I V E K 8• I SlN L GI 0 V S DI 1047

BOTF 3 T Q M I D 1 0 D Y I N K W T P V T I T N N R L Q H SK L Y I N G N L T[DQ[K 8 1 L NLGN I Vh DA D 1036

1050v - 1060? 1070T 1080V 1090.

BOTE N I L F K I V N CS T R Y I I R Y FFLN I 0 K E L ET E T I Q L S N T N NT I L K D F W G 1077

BoTF1 N I L F K I V G C N D T R Y V G I R Y F K Vl v T E L G K T E I T L Y SD 0 PID P S I L K 0 F W Q 1095

BOTF2 N IL F K I VG.C DFETTVG I R K VFN T EL DK TE E Y S NIEP DIP SILKNVWCl 1097

BOTF3 N I L F K I V G C NID T R Y V G R Y F KII N M E L D X T E 1 E T L Y HSM T DIS L K D F W0 1086

1100. 1110T 1120v 1130v 1140v

DOTE fN V L L Y 0 K El L L N V L K P N N FF [ s T K T i N N--•I_ - -• - -- - - T I L L A N [R LY 1122

BOTF 1 N Y L L Y N K R L L N L L R T 0 K S T17 Q - N i] N F ILN I N Q Q R G V Y Q K P N [1IF S FIN] T RL Y 1144

BOTF2 NY L L Y N K K V L~flN L L R K 0 KY V ITI L -Hf G I IL N INI Q IQ R V Y 7X 5 L NI¶]YI 1247

BOTF 3 IN Y L Y N K K IVL L N L L]K P N M S VTK - 0 I[M RMj JI Y S K T N I F MN 3JA M I 1135

1150v 1160. 1170v 1180. 1190T

BOTE S G I K V K I Q R - - V N N S SL7 N0NL V R K N D Q VFV I N LF VI A S K T H L F P L Y A 0 T A T T N 1170

BOTF 1 T G V E V I I R- Ný S T•I 1 8 N T D N F V R K N v L ATV I N V T D R P V - R L Y A D I S I A K 1193

BOTF 2 E G V E V I I R KXNGIP N D I S N T D N F V R K N D L AIV I N V V R G V E - R L A D - T K S E 1193

BOTFJ T G V E V I I R K V DS T•JT S N T D N F V R K N D 7 VjY I N V V D G N VS - [ Q L Y A D V S T S A 1184

1200v 1210v 1220v 1230v 1240.

DOTE K[EFK T I K I - -- M SiG 1R F N IV V VMN SV G N NC TMNNKN NN G N IGLL G KA D 1217

BOTF 1 P E K I I• L I R T N N N S L Gl II v 0 S I G N N C N N N N G G N I G L L G F N S N 1243

BOTF 2 K KR I IIIR T S N L N DI l- - - L G I I V M D S I G N N C T M N F Q N N N G S kNI G L L G F R S NI 1240

oOTF 3 V E K T I K L R R IE N [N N N S N jQM I I M 0 S I GC 0N C T M N F K T N N G N D I G L L G F R L N 1234

1250v 1260v 1270v
DOTE TVASWY T 4_MD HýN SNGCFWNE H G W Q E K 1252 C. botulinumNCTC11219

BOTF 1 N L V A 8S W Y Y N N I nRIK N T IS S N Gc s• V S F ISKE H G W Q E N 1278 C bo.ulinumLangeland

BOTF 2 N L V A S W Y Y VN NI RjR N TjS S N G C F N Sj[jI 8 K EEG WFJE 1274 C. borufinum ATCC 23387

BOTF 3 fN L V A B B WV V f MKjN N T NIN G C F W 8 F I S K K H G f Q E 1268 C. baraiATCC43756

Fig. 8. Amino acid sequence homology between the different BoNTIF's and BoNTIE. The BoNT/E

(BOTE) is that of the C. botulinum strain NCTC 11219. The BoNT/F's are: BOTF,, the proteolytic C.

botulinum strain Langeland; BOTF2, the non-proteolytic strain ATCC 23387, and; BOTF3 the C. barati

strain ATCC 43756. Identical amino acids shared between at least 3 of the 4 toxins have been boxed.

Those amino acids absolutely conserved between all 3 BeNT/Fs are emboldened.
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43756, which shares only 63% identity with the L-chain of both the proteolytic and non-
proteolytic type F neurotoxins. Its H-chain is apparently more closely related to the former

(79%) than the latter (73%). A complete alignment of all three type F neurotoxins, together
with the related BoNT/E, is presented in Fig. 8. The DNA immediately 5' to the structural

genes is conserved between all 3 organisms, eg., there are only 19 out of 273 mismatches

between strain Langeland and ATCC 23387. In contrast, the regions immediately 3' to the
structural genes appear completely unrelated. Most strikingly, sequence divergence begins

immediately after the respective translational stop codons.

1.5 CLONING/ SEQUENCING OF THE BoNT/G GENE

1.5.1 Summary

The oligonucleotide primers LF7 and LE2, corresponding conserved motifs within the

upstream 150 kDa non-toxic protein and the histidine-rich motif of all BoNT's, were used to
amplify a 1.0 kb fragment encoding half of the BoNT/G L chain. This amplified region was

cloned into pMTL20 and, following the determination of its nucleotide sequence, used as a
probe in Southern blot experiments to determine a restriction map of the type G genome

encompassing the borG gene. The information was then used to assist in the cloning of 8
further overlapping fragments, amplified by PCR. Nucleotide sequence analysis of the inserts
of the resultant plasmids (pCBG1-9) has allowed the derivation of the entire nucleotide

sequence of the botG structural gene. Translation of the sequence revealed that BoNT/G is
composed of 1297 amino acid residues. In relation to the other serotypes, the neurotoxin is
most closely related to BoNT/B. The L chains of these two toxins exhibit 61 % identity. This

is the highest degree of similarity seen between two neurotoxins of different serotypes. The

observed similarity to BoNT/B continues into the H chain of BoNT/G, where the two toxins

share 55 % identity.

1.5.2 Results and Discussion

Cloning of the 5' end of an L chain encoding region of the BoNTIG gene

During the course of a parallel programme of work, in which oligonucleotide primers for

the detection of toxin genes were being evaluated, it was noted that primers based on botA and
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particularly botB sequence consistently amplified specific DNA fragments from the

chromosomal DNA of the type G strain 89G. In one particular case the intensity and size of
* the fragment generated was equivalent to that seen with the intended target DNA, that of type

A chromosome. This 1050 bp fragment was therefore cloned directly into pCR1000 and the
proximal and distal regions of the insert of the resultant recombinant plasmid analysed in a
plasmid sequence reaction using universal and reverse primer, respectively. A total of some
250 bp of sequence information was obtained with each primers, however, the two sequences
proved to be identical to botA. It was concluded that the culture from which the chromosomal

DNA had been prepared was contaminated with C. botuiinum type A.

As an alternative, use was made of two previously synthesised primers, LF7 and LE2,
employed during the cloning of other BoNT genes. The former was based on a conserved
sequence motif found within the 5' non-coding region of botE and the botF gene of strain
Langeland (see section 1.4). The latter corresponds to the histidine-rich motif of the L chain,

and was employed during the cloning of the borE .ene (see section 1.2). The use of these two
primers in a PCR using 89G DNA as a templat.e resulted in the amplification of a DNA

fragment of the expected size, approx. 1.0 kb. This was cloned into the plasmid pCR1000 to
give plasmid pCBG I (Fig. 9). Subsequent nucleotide sequence analysis of the insert of pCBG1

confirmed that the amplified fragment was specific to the borG gene, encoding 237 amino acids
from the NH2-terminus of the BoNT/G L chain. Notably, the encoded polypeptide exhibited a
high degree of sequence identity (58%) to the BoNT/B L chain.

Cloning of a contiguous region of the botG gene

Having cloned part of borG, experiments were undertaken to construct a restriction map of

* the region of strain 89G's genome carrying the gene. PCR was undertaken using LE2' (the
complementary oligonucleotide of LE2) and a primer (HGI) based on a conserved motif
(KDFWGN, position 1085-1090 in BoNT/B) found some 200 amino acids from the

COOH-terminus of the H chain (Fig. 10). In view of the high degree of homology of the
* pCBG1 insert to the BoNT/B gene, the sequence of HG1

(5'-ATTTCCCCAAAAATCTTTTA-3)' was based on botB. The expected 2.65 kb DNA
fragment amplified was used in addition to the insert of pCBG1 as a radiolabelled probe in

Southern blots against restricted 89G chromosome. The use of two probes allowed the
* neurotoxin gene to be orientated relative to the restriction map obtained (Fig. 9). From this

data it was apparent that the amplified 2.65 kb fragment could be cleaved approximately in
half by the action of the endonuclease Scal. Accordingly, the DNA sample obtained from a
PCR using HG 1 and LE2' was restricted with ScaI and the two DNA fragments generated gel

0 purified and cloned into dT-tailed Sinai-cut pMTL21. The plasmid carrying the larger 1.5 kb
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fragment was designated pCBG4, the plasmid carrying the smaller 1.2 kb fragment was

designated pCBG3 (Fig. 9).

The nucleotide sequences of the inserts of PCBG3 and pCBG4 were derived by excising

their inserts, transferring them to M13, and then "walking" along from each end using custom

synthesised oligonucleotides as primers. To sequence across the ScaI site, a 100 bp

• fragment spanning this site was amplified from 89G DNA using appropriate oligonucleotides

R1
X H HRV S RV H RI X RV

0 LF7 no $- LE2

pCBG1
LG3 - LG4

pCBG2 SilsLEZo.,
pCBG3 L 2

• s.

pCBG4 i HG1

pCBG5 n
HG6 - HG20 ~~pCBG6 il

HG6 e HG1

pCBG7
HG7 4= HG4

0 pCBG8 :D
HG3 - - HG5pCBG9 ii

Fig. 9. BoNTIG gene cloning strategy. The 9 PCR-amplified regions of strain 89G

chromosome, that were cloned in the recombinant plasmids pCBG1-9, are represented by open

boxes below the restriction map of the region of the genome encoding the BoNT/G gene. LE

primer sequences are given in Table 1. Primer LF7 was used during the cloning of the type F

gene (section 1.4.2). All other primers are described in this section (1.5.2). The arrows indicate

• the direction of DNA synthesis. The vertical dotted line identifies the boundaries of the

concatenated restriction fragment employed as the substrate for inverse PCR, using primer pairs

LG2 + HG3. The fragment amplified in PCR using primers LE2' and HGI was subsequently

cleaved with Scal and the resultant two DNA fragments cloned independently. Restriction

enzyme sites are: h, Hindlll; Rl, EcoRl; RV, EcoRV; S, ScaI, and; X, XbaI.

and sequenced directly. In addition, a second clone, pCBG2 (Fig. 9), carrying 89G-derived

DNA covering a similar region to that of the insert of pCBG 1 was derived. In this case,

* however, the cloned fragment was amplified using oligonucleotides based on borG sequence
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obtained from the clones pCBGI (LG4, 5'-TAGGATCATGTCCTCCGAATG-3') and pCBG3

(LG3, 5'-CTATTTGGTATGCTATTTGTG-3'). The positioning of primer LG4 allowed the
* derivation of the authentic sequence of the histidine-rich motif which in clone pCBG1 equated

to primer LE2.

Cloning of the 3'-end of the botG geue

To clone the missing 3'-end of the gene two "outward-facing" primers were synthesised

(HG2, 5'-CGTTGAGAGCCACTGCGATAC-3'; HG3, 5'-GGTAGAGAATTAAATGCTAC

-AG-3'), based on data obtained from pCBG4, and used in an inverse PCR with concatenated,

* EcoRV-cleaved, 89G chromosomal D)NA. The 2.4 kb fragment generated was cloned into

pCRII to give plasmid pCBG5 (Fig. 9). Although nucleotide sequencing of the clone obtained
provided the sequence of the extreme 3'-end of botG, the sequence of the complete gene was
not obtained as the clone contained a 400 bp deletion (nucleotides 3478 to 3894 on Fig. 10).

* Two further regions of the 89G genome were therefore amplified and cloned. Initially a 0.7

kb fragment was amplified, using HG3 and a primer (HG5, 5'-CCACACC'ITMATTITA-3')
based on the 3' non-coding region of the gene (determined using pCBG5), and cloned into

pCRII to give pCBG9 (Fig. 9). Thereafter a second plasmid was similarly obtained, pCBG8
* (Fig. 9), by cloning a 1.7 kb fragment amplified using two further primers, HG4

(5'-GGTATCCCAAACATATC-3') and HG7 (5'-ATGACGATATCCAATGC-3'). The
insert of pCBG6 carries, as a contiguous region, parts of the inserts of pCBG4 and pCBG5

(Fig. 9).

Completion of the sequence

* As as been the case with the previous bot genes cloned using PCR, data generated from a

single clone cannot be relied upon due to the high incidence of PCR-induced errors. Further
representative clones of each type were therefore obtained, by cloning appropriate fragments

from independently performed PCRs, and their inserts characterised by sequencing. The data

* generated from these clones has been complied into a single sequence using DNASTAR
software and is illustrated in Figure 10. In total, 7 nucleotide substitutions and a single

nucleotide deletion were noted out of 15600 bp, an error rate of 4.5 X 10-4 per nt.

* The deduced BoNT/G polypeptide is composed of 1291 amino acids, making BoNT/G one

of the largest of the clostridial neurotoxins. Comparative analysis demonstrates that there is a
remarkable degree of similarity between BoNT/G and BoNT/B, particularly between L chains

where the percentage identity is 61%. This is the highest degree of homology seen between
* two immunologically distinct neurotoxins. This similarity is also shared by the respective
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CAAAATAATGCAAGAAAAArAATAGTTAACAATAATATATTCAGACCTAATTGTGrATrGTrTTCTTArAATAATAAATATTTATCCTTATCACTAAGAA 100

M PV N I K N F NY N
TATGCTATTTGTGTATAAMATTTATATAAAATAAATTTATAATTCT TCAAATTAGGAGGTATATATTATGCCAGT TAATATAAAAAACTT TAATTATAAT 300

Dp PIN NDO!!1 #M EP FN0P G P GT Y Y KA FR!! D R I WI
GACCCTATTAATAATGATGACATTATTATGATGGAACCAT TCAATGACCCAGGGCCAGGAACATAT TATAAAGCTTT TAGGATTATAGATCGTATTTGGA 400

Hindi I I
V PE R F YG FOQP DOF NA S TG VF S KD VY E YY D PT Y

L K TD AE KD0KF L K TM I K L F NR I N SK P SG 0R 11LD M

I V DA I P Y L G NA ST P PDK F AAN VA N VS I N KK I 10P

G GAE DO1K G L MTN L I IFGPGPVLSDNFTDSMIMN
CTGGAGCTGAAGATCAAATAAAAGGTTTAATGACAAATTTAATAATATTTGGACCAGGACCAGTTCTAAGTGATAATTTTACTGATAGTATGATTATGAA 800

G HS P I S E G F GA R M IR F C PSC L N VFNN VOQE N KD

T S I F S R R AY F A D PA L T L M H EL I H V L H G L Y G I KI S

NILP I T PN T KE F F M OH S DP V QA EE L YT FG G HDP S

V I S P STDM N I YNK A LO0N FO0D I A NRILN I V S SAOQG
TGTTATAAGTCCTTCTACGGATATGAATATTTATAATAAAGCGTTACAAAATTTTCAAGATATAGCTAATAGGCTTAATATTGTTTCAAGTGCCCAAGG 1200

S G ID!I SL YKOQ I Y KN K YD F VED P NGK YSV D KD KF D
*GGATGTTTCTTTACATTTAATATTATTGTAGTCATGAAAATTGTAGTATT 1300

K L Y K A L M F G F T E T N L A GE Y G I K T RY S Y F S E YILP

P I KT EK LLDON T I Y TON E G FN I AS K N LKTE F NGOQ

N NKA VNK EA Y EE I SL EH LV IYRIAMCKPVMYKNTG
AATAAGGCGGTAAATAAAGAGGCTTATGAAGAAATCAGCCTAGAACATCTCGTTATATATAGAATAGCAATGTGCAAGCCTGTAATGTACAAMAATACCG 1600

K SEO0C I I VN NE D L FF1I A N KD SF SKD LA KAE T I A

Y NTO0N NT I E NN F S I DOL! I DNOD L S SG I D LP NE N

T EP F TN F DD ID!I P VY I K0S A L KK I F VD GD0SL F EY
ACAGACCTTTAAAATTTACGAATAATACCCTTGTTATTAACATCGCTTAAAAAATTTTGTGATGGGATGCCTTTTA 19000

EcoRV
I H AO0T F P SN I E N L10L TNS L NODA L RN NN K VY T F F

ATTTCATCTCAACATTCTTCTATAAGAAATCACACTAAGAATCATAAAGATCTTAAGAATATAATAAGCTAACTTT 20000
EcoR!

S T N L VEK ANT V VG ASIL F V NW VKG V I DOD FT S E ST
*TTCACTGTAAACATCGTTGTCTATTTGAATGTAAGGATGTATTCTTATCC 2100

Q KS T I DK V SD VS I II P Y I GP A LN VG NE T A KEN F K
CAAAAAGACTAAGAAAATTTCGATTATCATATTATCCCATAAGGCCTGTTTAATTAGGAATAAACGCTAAGAAATT 22000

Sca!
N AF E I G G AA I LIME F!I P E L I V P I V GF F T L E SY VG

AAAAGCTTTGAATAGTGAGCCCTACTTATGGGTTATTCAGACTTTTGTCCTTAGTGGATTTTACATAGATCTATGA 23000

N NKG H I INMT I S NA LK KR DOK W TD MY GL IVS WLS
AAATAAGGCATTTATATACGAATCAATCTTTAAGAAAGGATAAAATGGCAGTATTATGTTTATAGATCCAGGGCTT 24000

T V N TO0 F Y T I K E R MY NA I N NOQSQ0A I E K I I E DOQY N R
ACGGTAAACTCATTTATCAATAAAAAAAATGACATGCTTAATAACAATACAGCATAGAAAATAATGAAATCATATA 25000

* ~Fig 10. Nucleotide sequence of the BoNTIG gene
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Y SE ED K KN I N 1 0F N 0 D FK L NQS I N LA IM 100ID
GATATAGTGMAGAAGATAAAATGAATAT TAACATTGATTTTAATGATATAGATTTTAAACTTAATCAAGTATAAnATTTAGCAATAAACAATATALGATGA 2600

F I N 0CCS I SYL MN R MI PL A VKK LK D FD DN L KRDIL

L E'Y I D TN E L Y L L DE VN I L K SK VN R HILKODS I P FD L

S LY T K D Ti I C10V F N NY I S N I S S NA 11L51 SY RG G

RLI! D SS GY G AT MNNV GS DV I F ND I G NGCQ F K LNN S
*CTTAAATACGAAGTCATTATTGTCGAGTTTTAGTTGAAGTATTATAAATC 3000

E NS N I T A H0S K F VV YDS M F DN F S I N FWV R T PK YN
GAAAATAGTAATATTACGGCACATCAAAGCAAATTCGTTGTATATGATAGTATGTTTGATAATTTTAGCATTAACTTTTGGGTAAGGACTCCTAMATATA 3100

NMND I C T Y L 0N E Y T I I SC!I K ND S GW KV S I K G NR I

1* I T L I DV MCQNLMC0Y FS N I G I KODN I SD YINKWFS

I TI T N DRLG NA N I Y I NG S LKK S EK I LN L DR I N SS

ND I1D F K L I NC TD T T K F VW I K D F N!I F GRE LN AT E

G MC0N I Y I K Y F SK AS MG E TA PR TN FN N AA I N Y NIL

Hind!iIl
Y I G L R F I K K ASN S R N I N N DN I V R E G D Y I YILN!I

*AACTGTAGTTTAAAAACTAATTGATTATAGTAAATAAAGAATAAACTAA 3800

DON I SD E SYR VY VL VN S KE 1 01T01 FL AP!I ND D PT

EcoR!
F Y D VL CI1 K KY Y E K TT Y N CCII1 C E K 0 TK T FGIL F G I

G GK F VKD Y GY VWDT Y DN Y FCI SQW YILR R I S EN I N
TTGGTAAATTTGTTAAAGATTATGGATATGTTTGGGATACCTATGATAATTATTTTTGCATAAGTCAýý7cGTATCTCAGAAGAATATCTGAAAATATAAA 4100

KILRLG C N WC F I P VD EG W TE *
TAAATTAAGGTTGGGATGTAATTGGCAATTCATTCCCGTGGATGAAGGATGGACAGAATAATATAATTAAATATTTATTAAAGCTACT fTGATAGGAAAA 4200

ATCAAATTTTATAAAACTTTAAAATAAAAGGTGTGGTTAAATTTTATCTAAATAACTCACTTTATT 4266

Fig 10. Nucleotide sequence of the BoNTIG gene. The illustrated sequence was derived by

amalgamating the nucleotide sequences of the inserts o *f plasmids pCBG1I to pCBG9 (Fig. 9). The
BoNTIG amino acid sequence is given in the single code above the first nucleotide of the

0 corresponding codon.

nucleotide sequences, explaining why probes based on the botB sequence have a tendency to

cross-react with type G DNA.
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1.5 AMINO ACID HOMOLOGIES BETWEEN NEUROTOXINS

Pairwise comparisons of the amino acid sequences of the respective L and H chain

components of all currently characterised botulinum neurotoxins and tetanus toxin was

undertaken and the results summarised in Table 3. This table does not include comparisons

* with the BoNT/E isolated from C. butyricum, as they are not sufficiently dissimilar from the

BoNT/E of C. botulinum to warrant individual treatment. The three types of BoNT/F have

been included. From this it can be seen that, with notable exceptions, the overall level of

identity between the L chains of different toxin serotypes varies from around 30 to 35%. The

HEAVY
A B C D E F F F G TET

uIGH I H•1f C

A 48 34 35 46 44 42 45 41 35

• B 31 39 40 44 38 39 41 55 36

C 32 32 56 36 34 34 33 32 32

D 35 35 47 37 33 37 33 34 36

0 E 33 33 32 33 68 64 68 41 35

F 32 38 33 35 57 84 79 37 32.5

F 32 37 33 35 56 94 73 38 33

F 32 40 33.5 34 54 63 63 L: 37.5 35

G 33 61 34 37 35.5 38.5 38 40 36

TET 30 50 34 34-5 40 435 48 44 44

Table 3. Amino acid homology between the L and H chain components of the different types of

BoNTand TeTx. Figures represent the % identity between di-chain components. The upper

quadrant contains H chain comparisons, the lower L chain homologies. A, B, C, D, E, F,

G refer to the respective BoNT, TET represents TeTx. The strains from which the three

BoNT/F's were derived were: Langeland, proteolytic C. botulinum; ATCC 23387,

non-proteolytic C. botulinum, and; C. baratii ATCC 43756. In the full alignment of Fig. 12

these are labelled, respectively, BOTF1, BOTF2 and BOTF3.

notable exceptions are the degree of sequence identity seen between BoNT/G and BoNT/B

(61 %), BoNT/F (ATCC 23387) and TeTx (48%), BoNT/E and BoNT/F (57%), BoNT/C and

BoNT/D (47%) and BoNT/B and TeTx (50%). The fact that certain BoNT's (BoNT/B,
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BoNT/E and BoNT/F) exhibit a greater degree of homology to the TeTx L chain than to other

BoNT L chains is particularly striking. With the exception of TeTx, the H chains exhibit a

* much broader spread of % similarity values than the L chains. The highest degree of similarity
is that found between BoNT/E and BoNT/F (68%), closely followed by the 56% similarity

found between the H chains of BoNT/C and BoNT/D, and the 55 % identity shared by BoNT/B

and BoNT/G. The overall disimilarity of the TeTx H chain to BoNT's is consistent with the
* view that this region is responsible for the essential difference between these neurotoxins, viz,

their site of action.

LIGHT HEAVY
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Fig. 11. Phylogenic relationships between the H and L chains of clostridial neurotoxins. The

distance of the line along the x axis is indicative of degree of divergence.

On the basis of L chain comparisons, BoNT/A is the most divergent neurotoxin,

exhibiting a low level of homology with all other toxins. The other neurotoxins appear to fall
into three groupings, viz, BoNT/B, BoNT/G and TeTx, BoNT/E and BoNT/F, and BoNT/C

and BoNT/D. The latter two groups also appear to hold for the H chains, however, in this
case BoNT/A falls into the BoNT/G and BoNT/B group, and it is TeTx which shows appears
to have no homologous counterpart. These relationships are best illustrated by the phylogenic

tree illustrated in Fig. 11. The variance seen in the relative order of relatedness between toxins
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dependent of which component of the dichain that is compared is intriguing. It suggest that

either L and H chain domains of an individual neurotoxin have evolved at disproportionate

rates, or that at various stages during evolution hybrid toxins have arisen by fusion of distinct

H and L chain encoding regions.

An alignment of all known neurotoxin sequences, including the three different BoNT/F

sequences, but excluding the C. butyricum BoNT/E sequence, is presented in Fig. 12.

Regions of sequence similarity have been boxed. This demonstrates that the neurotoxins are

composed of highly conserved amino acid domains interspersed with amino acid tracts

exhibiting little overall similarity. Within the L chain region (average size 440), 63 amino

acids are totally conserved. 11 of these conserved amino acids reside in a region (position 216

to 234) which encompasses a histidine rich motif now known to play a role in the zinc

endopeptidase cleavage of at least two protein components (dependent on serotype) of the

of the putative fusion complex mediating synaptic vesicle exocytosis (Schiavo et al., 1992;

1993; Blasi et al., 1993)

Within the H chain regions (average size 842 amino acids) 93 amino acids are absolutely

conserved. Most notable is the high degree of conservation of Trp amino acids. Thus, for

instance, of the 11 Trp residues which occur in the BoNT/E H chain, 8 are absolutely

conserved in all toxins, while the remaining 3 are conserved in all but one of the neurotoxins at

each position. The only Trp that occurs in the BoNT/E L chain is conserved in all

neurotoxins. The functional significance of the apparent evolutionary pressure for maintaining

this amino acid, or chemically similar residues, at these positions in BoNT and TeTx remains

unknown. However, previous studies in which BoNT Trp residues have been selectively

modified by chemical means has established a crucial role in both toxicity and immunogenicity

(see Dasgupta, 1990). Indeed, in one study the inactivation of a single Trp resulted in near

complete detoxification (Shibaeva et al., 1981, cited in DasGupta, 1990). The selective

disruption of conserved Trp amino acids in BoNT by site-directed mutagenesis should help

identify which residue(s) are important in toxicity and antigenicity.

The most notable tract of sequence divergence between the toxins resides, with the

exception of the extreme 10 or so amino acids, in the COOH-termini of the toxins (position

1117 onwards of BoNT/A). Divergence in this latter area would appear consistent with the

notion that this domain is involved in BoNT binding, and that the different toxins target

different acceptors on the cell surface. The presence of the conserved motif

WXFI/VXXXXGW at the extreme COOH-terminus of all neurotoxins (except BoNT/C, where

the terminal GW is missing) is especially noteworthy, considering the degree of diversity of

the preceding 100 amino acids.
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DOTA K FV N KJ T N Y X DP V N G V D A Y I K I N V - G Q M Q P V X -AY KrTnH N K I V V I P E R0 49
DOTS IM P V TI I N N N YlNID P I D N NNN N IIM E PMF A RGT G RY Y I_ A 7IKIIT D R I W I P E R Y so
DOTC P I TIN N 7N Y S DP VDNK NNILY LD T HL NT L AN E PE9A F RIIITG N IUVV IP DR F s0
DOTD l Tj W Pl VMK N Y SlO P V N DNDI L Y L R I L I T T PV_ KA FI.IITQNI VIPEF
DOTE K P- K I MISI" N Y N 0 P V N DR TI L YI K G C Q E F Y K[J NIIlM K N 1 I I P E R N 46
BOTF 1 PV VlINlS VINYND P VN DD T L Y KKY YKAPEH N VWI I P ERN so
BOTF 2 1 P VIA• Il N S F N FYNDPVN D LD T YIQP EEKSE KEY Y K A PiEIM 50
BOTF3 N P V NI N N r N YI I N DPI N NT TI LMKM YYE SNKYI KAFEIMoNVVI I PERN so
BOTG I P VlNIII F NY D P I N NID D M M P F N D P G P G T Y Y K A FRlI I RIWI VPERF s
TET PI TI N rYSD P V M NND TII M K E P [k]IY C K G L D r y Y K A FJKLI.T D3, 1 V I V P E R Y 50

50w 60w 70v 80w 90w
DOrA fF -T NrE r[IG, DL N-P PP E A K Q V P V Sr•--ff _YLL SPFT1N2s-;N-YN D L•K G V T r-KL-YE[-1 98
BOTS ITIF rL4 EYKIPIE LFJIN - K S S G I F N R D V C E Y YDP D Y LIIT NiKN I FLQT I KL l 9
OTC SIRNIS1N PjLNK- - Y D DP Ns YLSISlT D S DKPTF L X E I IK LKRI1 97

BOTD SSv IITITINPIQ[HS L S K - - R P TL K GY O S S YDP NT Y LIQIS TIEI E D RTF L KII v K I F1RI1 1 9

OTF1TI GlTD SlD FID s--IPPAS L N G S S A Y D P NYL LITET DAIE K l TI l I 98BOTF2 LT. IG T_ NlPlSlD FI D--[j AS L K N G S S A1 Y Y D P N Y LITIT DIAIE K DiRlY L KlT TII K L FIKI Rt r 9
BOTF3 I IIG K KlP S D FIY S L 0 S G S S A Y Y O PNL T TDAE• E DR F L X T V I X L FNNIR Z 98
DOTG [-lYG FQ P D FIN - A V F S K D V Y EFYDQFD P ffKOY EL K IT IDAE K DIKF K T I K L FN I 99
0ET E FG- - OLE 5 S IDKPEyFN--[PFT EGAS T NL , Y Y P N Y L R-TDS S D-RFLQT-VKL F NSA 198

100w 110T 120w 130w 140w
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150w 160w 170v 180w
DOTA R S E EL--N L V II ýSA D I I VFE C KSF G H- - - ------- E VL N LTnRIN G ST 6Y [DR 187
BOTD R K K G IF ANL IIFI PG V LN EN E T ID I G I ------ Q N H F A S R E ' FO 4GIIM Q M K 194
BOTC K T G S IRN P SNV I IiT0 P REN III P E T S F K L T N T F A A QIE 0 9 S3
BOTD V T N I IT P S V L IF G PLNLI IL Y T A S LT L QG --- QQ S N FE F TL S I K 193
BOTE L - - PN V I I M 0 A E P D L F E T N S S N I S L R - - - - N N Y N P H4G F 0 S I A I T 185
DOTF1  L N L L V[L G[A G[P D I F N S S Y P V R K L M D S G G V aIP SIN3 o SI N I T  194

OTF2 ---- L L L V LO0A G P D I F S C C Y P V R K L I D P D V V Y DIP SIN YIT F 0 S I N I T 194
BOTF3 LL N L V I L G PG P N IlL C S T F V R P N N I A - Y D P S E KJO FOS I Q L M S 193
BOTG Q I K G(M T N L I I PIG PMVLS DN T D S M-- M -.-.-.-.- N G H S P I SIEOFG A RA M MIR 194
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190w 200v 210v 220v 230v
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DOTF?1 F S•E Y E Y T F N D I --- SGG Y N S S T E S I A PAD ISPIAS L A H EL I H A LUG L Y GA RG 241
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Fig. 12. Full alignment of all known clostridial neurotoxin sequences.
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Fig. 12. Full alignment of all known clostridial neurotoxin sequences.. The illustrated alignment

wa• essentially derived using the computer programme CLUSTAL (Higgins and Sharp, 1988),

and has been gapped to maximise homology. Highly conserved regions have been boxed, and

include areas in which conservative replacements have occurred, in addition to sequence

identity. Amino acids conserved in at least 8 out of 10 toxins have been emboldened.

Numbering above the alignment corresponds to BoNT/A. The Cys amino acids presumed to be

involved in the formation of the disulphide bridge between neurotoxin L and H chains are

marked by upward facing arrows. BOTF1 = strain Langeland, BOTF2 = ATCC 23387, BOTF 3

= ATCC 43756.

The algorithms of Chou and Fassman (1978) and Garnier et al. (1978) were employed to

derive predictive representations of BoNT and TeTx secondary structure (data not shown).
The results obtained went some way towards confirming the observations of a comparative

structural analysis undertaken with purified BoNT/A and BoNT/E (Singh et al., 1990). Thus,

the BoNT/E is predicted to contain a lower a-helix content than BoNT/A (BoNT/E, 20%;
BoNT/A 27%), and a correspondingly higher content of /-sheet (BoNT/E, 52%; BoNT/A,
46%). No common pattern between the predicted structures of each neurotoxin was,
however, apparent. In contrast, a hydrophilicity analysis by the method of Kyte and Doolittle
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(1982) demonstrated a high degree of conservation between all 7 neurotoxins in their

arrangement of polar and nonpolar amino acids (see Fig. 13). A similar previous analysis of
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Fig. 13. Hydrophobicity plots of all currently characterised clostridial neurotoxins.

Hydrophobicity was calculated using the computer programme of Kyte and Doolittle (1982) with

a window size of 9 amino acids. The average value for each toxin was:- BoNT/A, -0.37;

BoNT/B, -0.42; BoNT/C, -0.41; BoNT/D, -0.36; BoNT/E, -0.45, and; TeTx., -0.37. The

conserved hydrophobic region is indicated below each profile by a barred line. The respective

residues involved are 652 through 687 (BoNT!A), 642 through 671 (BoNT/B), 648 through 678

(BoNT/C), 646 through 674 (BoNT/D), 624 through 654 (BoNT/E), 643 through 673

(BoNT/F), 640 through 669 (BoNT/G) and 660 through 691 (TeTx).

TeTx (Eisel et al., 1986) and BoNT/A (Thompson et al., 1990) had concluded that their H
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chains contained a common domain (TeTx, 660 through 691; BoNT/A 652 through 687; Fig.
13) with membrane spanning potential. Use of a synthetic peptide corresponding to this region

recently confirmed this conclusion (Wright et al., 1992). The equivalent hydrophobic domains
(Fig. 12) are also conserved in BoNT/B (642 through 671) BoNT/E (624 through 654),
BoNT/F (643 through 673), BoNT/C (648 through 678), BoNT/D (646 through 674) and
BoNT/G (640 through 669).
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2. EXPRESSION SYSTEM DEVELOPMENT

2.1 MATERIALS AND METHODS

Bacterial strains, plasmids and culture conditions.

The E. coli and Bacillus subtilis strains routinely used as the host for recombinant

experiments were TG 1 (A[lac-pro] supE thi hsdD5/ F'- traD36 proA÷ B+ lacI' IacZAM15) and

168 trpC, respectively. The Clostridium acetobulylicum strain employed was NCIB 8052.

The strains of Clostridium sporogenes tested were; BM1091, BM1706, BM1758, BM1759,

BM1761, BM1763, BM1764, BM1765, BM1767, BM1768, BM1769, BM1774, BM1775,

BM1776, BM1780, BM1781, BM1783, BM1784, BM2130 and BM2131. All strains were

obtained from Dr. M Hudson, Pathology Division, PHLS CAMR. Recombinant plasmids

* employed were the pMTL20 series of cloning vectors (Chambers et al., 1988), the replicon

cloning vectors pMTL20/21E and pMTL20/21C (Swinfield et al., 1990), pAMBI-derived

shuttle vectors pMTL500E/C and pCTC1 (Oultram et al., 1988a; Swinfield et al., 1990;

Williams et al., 1990a & b), and the Clostridium shuttle vectors pCB3 and pCTC501 (Young

et al., 1989a & b).

All clostridial cultures were routinely grown in 2x YTG medium ( 1.6% tryptone, 1.0%

yeast extract, 0.5% NaCl, and 0.5% glucose). In certain instances commercially obtained

(Oxoid) reinforced clostridial medium (RCM) was employed, and on other occasions the basal

medium of O'Brien anJ Morris (1971). All manipulations were undertaken under anaerobic

conditions using an Anaerobic Work Station Mark III (Don Whitley Scientific, UK). The

incubation temperature was routinely 37'C.

Plasmid isolation methodology.

Plasmid DNA was isolated from E. co/i was as described in 1.2 of this report. Plasmid

DNA from clostridial strains was isolated by an alkaline lysis procedure. Cells from a 10ml

volume of culture, grown overnight in 2x YTG, were harvested by centrifugation and

resuspended in 1001A of 50mM Tris-HCI, 25% (wlv) sucrose, 5 mM EDTA, pH 7.0, and

* lysozyme added to 10mg/ml. Following an incubation period of 60 min, at 37°C, a 2001 1

aliquot of freshly prepared 0.2 N NaOH, 1 % SDS, was added and the tube inverted before

being placed on ice for 5 min. A 150 IA aliquot of ice-cold potassium acetate solution (5M
potassium acetate: glacial acetic acid: dH2O, 60:11.5:28.5)), was added, mixed by vortexing

and the tube stored on ice for 5 min. Following centrifugation, for 10 min in a microfuge, the
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supernatant was transferred to a fresh 1.5 ml eppendorf tube and an equal volume of

phenol/chloroform (1:1) added. After vortexing and centrifugation in a microfuge the upper

* aqueous layer was carefully removed, mixed with 2 volumes of ethanol and allowed to stand at

room temperature for two min. The DNA was precipitated by centrifugation, dried and

resuspended in an appropriate volume of TE buffer.

Electroporation

A loopful of fresh culture was used to inoculate 500 /A of 2 X YTG and this was then used

* to set up dilutions from 10-' to 10-6 in 5 ml volumes by serial dilution. Cultures were grown

overnight. The two lowest dilutions which had grown were used as inoculum for 100ml 2x
YTG which was grown to an OD at 600nm of 0.5 - 0.6 (mid-exponential growth), cooled on

ice for a few minutes, then harvested by centrifugation at 5000rpm for 10 min. The cell pellet

* was washed in 5ml ice-cold electroporation buffer (270 mM sucrose, 1 mM MgCI2 , 7 mM

sodium phosphate buffer, pH 7.4) and harvested by centrifugation as above. The pellet was

finally resuspended in 5ml ice-cold electroporation buffer and held on ice. One 1Ag DNA was

added to each cuvette (0.2 cm inter-electrode diameter) followed by 300 1l cell culture. The

* cuvettes were sealed with plastic insert. A single pulse was delivered: 1.25kV, 100ohms,

251jFD. (Time constant approx. 1.7ms). The culture was removed from cuvette by washing

with lml 2x YTG and added to a final volume of 3ml of 2x YTG (ie a 1 in 10 dilution). A

three hour expression period was followed by harvesting by centrifugation as above. The pellet

*0 was resuspended in 200 t1 of 2x YTG and 100 /l volumes plated on selective agar, containing

freshly prepared catalase (final concentration of 400 units/ml).

As far as possible, all manipulations were carried out in an anaerobic cabinet and all media

and buffers were allowed to equilibrate in anaerobic conditions overnight. The Biorad "Gene

Pulser" was used routinely as the electroporation apparatus.

* Conjugation

E. coli cultures were grown overnight to OD at 600nm of >4.0 and C. acetobutylicum

cultures (mid-exponential phase) to an OD at 600nm of 0.6. The donor and recipient cultures

* were mixed in a 1000:1 ratio within a total volume of 2ml, passed through a sterile 0.45/tm

pore size filter (2.5cm in diameter) and the filter was incubated upright overnight on reinforced

clostridial medium supplemented with 2 mg of catalase. Growth on the filter was harvested by

vortexing in 500 •1 25 mM potassium phosphate pH 7.0, 1 mM MgSO 4 and 100 141 volumes

* were plated on clostridial basal medium supplemented with 10 /Ag trimethoprim (to select
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against E. coli) and selective antibiotic. As far as possible all manipulation should be carried
out under anaerobic conditions.

Mestern blotting

E. coli cultures were routinely grown to mid-exponential phase and then induced with
IPTG. 1.5ml of bacterial cultures were harvested by centrifugation and resuspended in 300ul

PAGE lysis buffer (0.08M Tris-HCL, pH 6.8, 0.1m dithiothreitol, 2% (w/v) SDS, 10% (v/v)

glycerol, 0. lmg/ml bromophenol blue) for an OD600nm of 1.5 and boiled for 5 mins. Samples
were analysed by electrophoresis immediately or stored at -20'C. SDS polyacrylamide gel

electrophoresis was carried out in 10% separating gels with 5% stacking gels run at 100 volts

for 4-5 hrs. Pre-stained protein molecular weight markers (Biorad) were used.

After electrophoresis, gels were blotted overnight in Biorad transblot apparatus -at 75 volts

using Hybond C Extra (Amersham) as the membrane. Use of pre-stained protein markers

allowed visualisation of transfer. Following blotting, membrane was incubated with blocking
buffer (3% casein in lxPBS, 0.5% Tween 20) for 45 min. All incubation and washing steps
were carried out shaking at room temperature. Membrane was washed twice in PBS Tween

then incubated with first antibody diluted in PBS Tween for 90 min. First antibody was either

guinea pig C. botulinum type A heavy chain anti-sera (from Biologics Division, PHLS CAMR)

diluted 1:2000 or goat GST anti-sera (from Pharmacia) diluted 1:2000. The membrane was
then washed three times in PBS Tween and incubated with second antibody (anti-guinea pig

IgG peroxidase conjugate anti-sera or anti-goat IgG peroxidase conjugate anti-sera, both
obtained from Sigma and both diluted 1:2000 in PBS Tween) for 90 min. Nitrocellulose

membrane was finally washed four times in PBS Tween prior to peroxidase detection using
ECL Western Blotting Kit (from Amersham) according to manufacturer's instructions in

association with ECL Hyperfilm (Amersham).

DNA manipulations

Other routine methods of DNA manipulation have been described in section 1.1.
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2.2 GENE TRANSFER IN CLOSTRIDIUM SPOROGENES

2.2.1 Summary

A total of 20 different strains of C. sporogenes have been tested as potential recipients for

DNA transfer. Having established that the BioRad Gene Pulser gives the highest rate of

electrotransformation in C. acetobutylicum (compared to equivalent equipment supplied by

Jouan, BTX and Flowgen), attempts were made to transform all strains with a variety of

plasmids and differing electrical parameters. Pulses were undertaken at a constant voltage

(1.25 kV) and capacitance (25 jFD) but at variable resistance (100, 200 & 400 ohms). Under

these conditions the % survival varied from 46 to 13%. Plasmid replicons employed were

either from the Gram-positive, broad-host-range plasmid pAMB 1, or the C. butyricum plasmid

pCB101. Selective markers were the erm (EmR) gene of pAMBi or a C. perfringens tetP

gene. No transformants were obtained. Attempts to conjugatively mobilise derivatives of

these vectors, endowed with the RK2 origin of transfer (oriT), from E. coli to each -strain were

similarly unsuccessful.

0 2.2.2 Results and Discussion

Antibiotic resistance profiles of strains

0 The successful introduction of an extrachromosomal DNA into bacteria requires that the

transformed cell acquires a detectable phenotypic trait. The selectable genetic markers most

commonly used are genes specifying resistance to antibiotics. Before attempting to obtain

transfer of plasmids into any particular strain of C. sporogenes, it was therefore important to

* establish the antibiotic resistance profiles of the strains to be employed. A 3 ml volume of
molten H-top agar was inoculated with 0. 1 ml of exponential phase cells (growing in 2 X YTG

media) and overlayed onto a 2 X YTG agar plate. When the inoculated agar had solidified,

antibiotic-impregnated filter discs (Mast Laboratories Ltd) were placed on the agar surface and

* the plates incubated overnight at 37°C. The qualitative estimates of zones of inhibition around

the different type of disc are indicated in Table 4. These show that, with the notable exception

of streptomycin (Sm) and novobiocin (Nc), the 20 strains tested exhibited varying degrees of

sensitivity to all the antibiotics tested. Of particular importance was the demonstrable

* susceptibility of every strain to erythromycin (Em), chloramphenicol (Cm) and tetracycline

(Tc). Genes specifying resistance to these three antibiotics form the basis of all currently

available clostridial vectors (Young et al., 1989; Rood and Cole, 1991).
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Plasmid screening

* In parallel to the above tests each strain was screened for the presence of indigenous

extrachromosomal elements using a plasmid isolation procedure routinely used in this

laboratory for analysing transformants of C. acetobutylicum (MATERIALS AND

METHODS). The cell lysates obtained were electrophoresed on 1.4% (w/v) agarose gels in

STRAIN Cm 25  Em, Fu10  Melo Nc5  PcI Smto Tc25  Ctf Mn, CI2

BM1763 ++ ++ +++ ++ + ++ - ++ +. + . + ++

• BM1758 +++ +++ ++ ++ + ++ - +++ +++ ++ ++

BM1767 ++ ++ +++ ++ - ++ - ++ +. + . + ++

BM1774 ++ ++ +++ ++ + ++ - +++ +++ ++ ++

BM1796 ++ ++ +++ ++ + ++ - +++ +++ ++ ++

BM1781 ++ ++ +++ ++ + ++ + ++4- +++ ++ ++

BM1775 +++ ++ +++ ++ + ++ - +++ +++ ++ +

BM2131 +++ ++ +++ ++ + ++ - +++ +++ ++ +

* BM1780 ++ ++ +++ ++ + +++ + +++ +++ ++ ++

BM1759 + +++ +++ +++ + + .++ +++ +++ ++

BM1706 - +++ +++ +++ - ++ - ++ +++ ++ ++

BM1764 ++ ++ +++ ++ + - +++ +++ ++ ++

BM1776 ++ +++ +++ ++ ++ - . . .++ +++ ++ +

BM1783 +++ ++ +++ ++ - ++ - ++ ++ +++ ++

BM1768 +++ ++ +++ ++ ++ ++ - +++ +++ ++ .

BM1761 ++ ++ +++ ++ - ++ - +++ +++ ++ +

BMI091 ++ ++ +++ ++ - ++ - +++ +++ ++ +

BM2130 +++ ++ +++ ++ - .+++ - +++ +++ ++ +

Table 4. Susceptibility of C. sporogenes straitv to various antibiotics

- = no zone of inhibition; + = zone up to 10 mm in diameter; + + = zone of 11-20 mm; +.+ + zone >20
mm (all zones include the disc diameter of 6.5 mm). Antibiotic abbreviations are Cm, chloramphenicol; Em,
erythromycin; Fu, fusidic acid; Me, methicillin; Nc, novobiocin; Pc, penicillin; Sm, streptomycin; Tc,
tetracycline; Cf, cefoxitin; Mn, metronidazole, and; Cl, clindamycin. Antibiotic concentrations are given in

* subscripts, following each abbreviation, in ug per ml.

addition to the standard 0.8% (w/v) gels normally employed in plasmid analysis. This higher

concentration of agarose ensures that any circular DNA species, "masked" by chromosomal

* DNA on a 0.8% gel, migrates substantially slower than chromosome and is therefore easily
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visualised (Minton et al., 1983a). No evidence for the presence of plasmid DNA was found in

the lysates of any of the 20 strains. In a further series of experiments the methods of Roberts

* et al. (1986) and Weickert et al. (1986), were employed. These procedures have previously

been used to detect plasmid DNA in Clostridium perfringens and Clostridium absonum, and in

Clostridium botulinum Type A strains, respectively. Although both methods proved applicable

to a control C. acetobutylicum NCIB 8052 culture containing pCB3, no plasmids were detected

in the lysates of any of the C. sporogenes strains under investigation.

Evaluation of various electroporators

Since the development of our original procedure for effecting the introduction of plasmid

DNA into C. acetobutylicum using a BioRad Gene Pulser (Oultram et al., 1988a), a number of

other manufacturers have brought alternative machines onto the market. It was therefore

considered timely to undertake a comparative evaluation of more recent apparatus, on the

assumption that an increase in transformation frequencies may accrue. Three such machines

were tested, alongside the BioRad Gene Pulser, for their efficiency in transforming C.

acetobutylicum NCIB 8052 with plasmid pMTL500E (see Fig. 16). The BTX electroporator

* may be essentially viewed as equivalent in specification to the BioRad apparatus. The Jouan

electropulser differs from other commercially available apparatii in that it generates a square

wave pulse, which theoretically provides a constant field during discharge. The Flowgen

Celiject resembles the BinRad and BTX machine, in that it discharges an exponential wave, but

differs in the facility for discharging a preprogrammed second pulse, immediately after the

first.

* Electroporator Transformation Frequency (per ug DNA)

BioRad Gene Pulser 1.2 X 10?

BTX Electroporator 0.8 X 102

Flowgen Cellject 0.5 X 102

Jouan Electropulser 0

* Table 5. C.acetobutylicum transformationfrequencies employing different electroporation apparatus.

Each machine was tested over a range of pulse parameters. With those machines that did

mediate transformation, however, these parameters were essentially equivalent to those (1.25

kV, 100 ohms, 25 ,AFD) which gave the highest levels of DNA transfer with the routinely used

* BioRad Gene Pulser, viz., identical for the BTX, and 1.25 kV, 90 ohms and 40 jFD for the
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Cellject. In the case of the Jouan Electropulser no transformants were obtained under any of

the conditions employed. Indeed, the machine appeared incapable of effecting DNA transfer

* even into E. coli. This failure would appear to have been largely due to the ineffective

electroporation chamber supplied with the apparatus, which was cumbersome to use and

suffered from sample leakage. The other two machines both proved effective in eliciting

transformation of C. acetobutylicum NCIB 8052 (Table 5). However, under optimum

conditions, use of the BioRad machine consistently resulted in the highest transformation

frequencies. The subjection of cell suspensions to a second pulse, of various magnitudes,

using the Cellject gave a slight increase (c. 10%-20%) in the number of transformants, but the

frequency obtained was significantly lower than those achieved with the BioRad apparatus. It

* was concluded that the electroporators of other manufacturers offered no advantage over the

BioRad Gene Pulser, and this apparatus was used in all subsequent experiments with C.

sporogenes.

Attempted electrotransformation of strains of C. sporogenes.

Prior to attempting the transformation of any particular strain of C. sporogenes, it was of

interest to estimate the effect of electrical pulses on cell viability. Cell suspensions, prepared

as for C. acetobutylicum, were therefore divided in two, and one fraction subjected to pulses of

various magnitudes before serial dilutions of both cell fractions were plated onto 2 X TYG

agar. From the viable colony count obtained with the two cell fractions it was possible to

* estimate the % cell survival after each pulse. Some representative data is shown in Table 6.

STRAIN % SURVIVAL

100 ohms 200 ohms 400 ohms

BM1781 46 19 16

BM2131 40 22 14

BM 1706 45 20 21

* BM1759 38 18 15

BMI091 37 19 13

NCIB 8052 8.5 3.5 1.05

* Table 6. Percentage survival of C. sporogenes celLy, compared to C. acetobutylicum NCIB 8052

The results obtained indicated that all the C. sporogenes strains under investigation exhibited a

similar levels of fragility with respect to the pulse applied. It was further apparent C.

* sporogenes is generally a more robust organism than C. acetobutylicum.
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These experiments established that the field strength applied was having somt effect on cell

viability. However, as there are no hard and fast rules as to the level of cell survival most

• appropriate for successful transformation, attempts to transform the 20 strains of

PstI tetp
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Fig. 14. The Clostridium/E.¢coli shuttle vector pM7LSOOET. Constructed by isolating a 2.9 kb

SstI-Pst[ fragment encoding tetP from the C. perfringens plasmid pJIRTI (Rood and Cole,

1991) and inserting it between the equivalent sites of pMTL500E (Oultram et aL., 1988a).

0 C. sporogenes were undertaken using a pulse of constant voltage (1.25 kV) and capacitance

(25 /AFD), but at the three different resistances employed in the cell viability experiments, viz.,

100, 200 and 400 ohms. The plasmids employed were, pCB3 (Young et al., 1989), pMTL520

(Minton et al., 1990a) and pMTL500ET (Fig. 14). Plasmid pMTL500ET is based on the
0 replicon of the Enterococcalfaecalis plasmid pAMBl, widely recognised as possessing an

extremely broad host range amongst Gram-positive bacteria. Plasmids pMTL520 and pCB3

ttilise the replicon of the Clostridium butyricum plasmid pCBO1l (Minton and Morris, 1981).

The selective marker of pCB3 is the pAMBI erm gene (EmR), that of pMTL520 the

Clostridium perfringens tetP gene (TcR), while pMTL500ET specifies both resistance genes.

In the vast majority of cases, no C. sporogenes colonies resistant to either Tc or Em were

obtained. A number of putative transformants did result from experiments involving BM1769,
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1776, 1783 and 1706, and the plasmid pMTL500ET, and BM1783 and the plasmid pCB3.
Subsequent small scale isolation procedures undertaken on representative colonies failed to
reveal the presence of extrachromosomal DNA in the resultant cleared lysates. Furthermore,
the lysates from the putative pMTL500ET were incapable of transforming competent E. coli to
ApR. In contrast, 8 ApR transformants were obtained using the BM1783 lysate derived from
the putative pCB3 transformant. Although all 8 E. coli transformants were shown to contain
plasmid DNA, only 1 gave a restriction pattern characteristic of pCB3. In further tests,
radiolabelled pCB3 DNA was used in a Southern blot experiment against total DNA isolated
from the putative BM1783 transformant. No positive signal was detected.

Attempts to obtain further transformants of either of the 5 C. sporogenes strains proved
unsuccessful. This included experiments in which the strains were grown in media containing
2% glycine, prior to the preparation of "competent" cell suspensions. Electrotransformation
as a means of eliciting DNA transfer was therefore abandoned in favour of conjugative
procedures.

Conjugative DNA transfer

The ability of IncP plasmids to effect the mobilisation of co-resident cloning vectors from
an E. coli donor to a variety of Gram-positive recipient is now well documented (Trieu-Cuot et
al., 1987). Indeed, previous studies have shown that when pMTL500E or pCB3 is endowed
with the transfer origin of the IncPII plasmid RK2 (oriT), then conjugative transfer of the
resultant plasmids (pCTCI and pCTC501, respectively) was demonstrable between a Tra÷
(RK2) E. coli donor and C. acetobutylicum NCIB 8052 (Williams et al., 1990a & b). To test
the applicability of this method to C. sporogenes all 20 strains were used as recipients in filter
matings using the Tra÷ E. coli host SM17 containing either pCTCI or pCTC501. Strains were
examined in batches of 5, and every experiment included a filter mating employing C.
acetobutylicum NCIB 8052 as the control. In no instance were any EmR colonies recovered
from a mating involving a C. sporogenes as the recipient. In contrast, in every batch of
matings, the C. acetobutylicum control experiment consistently gave EmR transconjugants.
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2.3 AN EXPRESSION SYSTEM FOR CLOSTRIDIUMACETOBUTYLICUM

2.3.1 Summary

The inability to effect the transfer of plasmid DNA to any strain of C. sporogenes led to

the adoption of C. acetobutylicum NCIB 8052 as the proposed host for production of BoNT

toxoid. Efforts focused on deriving a regulated expression system based on the previously

constructedfac promoter, composed of the transcriptional initiation signals of the C.

pasteurianum ferredoxin gene in which a synthetic lac operator sequence has been inserted

immediately 3' to the + 1 nucleotide. As it was shown that transcription from fac can be

regulated by the lacl gene in E. coli, efforts concentrated on attempts to obtain lacl

expression in C. acetobutylicum NCIB 8052. These experiments revolved around the use of a

lacl gene derivative which had been transcriptionally coupled to a Gram-positive vegetative

promoter, that of the B. subtilis vegll gene. Attempts to construct a second plasmid compatible

with pMTL500F, into which lacl could be inserted, could not be undertaken as no alternative

selectable marker to that (erm) carried by pMTL500F could be found. Possible candidates

examined included Gram-positive genes specifying resistance to Tc, Ap and Cm. A strategy

was formulated whereby a replication impaired plasmid (pMTL513E) was employed to bring

about the integration of the lacl gene into the chromosomal gutD gene of a Leu mutant of

NCIMB 8052. Selection for insertion of laW was made possible by the co-integration of a

clostridial leuB gene, converting the host to prototrophy. Thefac promoter of pMTL500F was

not, however, regulated in cells carrying the integrated lacl gene. Subsequently the lacl gene

was succesfully introduced into the backbone of pMTL500F to give pMTL500FI. A

promoter-less copy of a cat gene was introduced into pMTL500FI. Expression of cat from the

resultant plasmid appeared to be constitutive in both E. coli and C. acetoburylicum. In B.

subtilis, however, expression levels were induced between 2- to 5-fold, with fully induced cells

producing CAT at up to 20% of the cell's soluble protein.

2.3.2 Results and Discussion

Transcription from the clostridialfac promoter is regulated by Lad

The failure to achieve demonstrable DNA transfer into any of the C. sporogenes strains

tested necessitated the use of C. acetoburylicum as an alternative host. This clostridial species

has a number of advantages over C. sporogenes. On a practical level, we have already
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developed the necessary means of manipulating this species. Equally as important, this species
has no known association with human disease and should therefore command a lower Access

factor in any proposed recombinant experiments. The proposed expression of BoNT gene

subfragments can therefore be undertaken at a lower category of containment. Furthermore,
parallel studies undertaken in this laboratory have resulted in the construction of an expression

cartridge, similar to that proposed for the C. sporogenes rrn promoter, based on the

transcriptional signals of the ferredoxin (Fd) gene of Clostridium pasteurianum (Minton et al.,

lacZ'
Fd Fc Fd

MET
-l PROMOTER - OP".RATOR - RBS -CAT ATG-

Nde I...

"EcoRV POLYLINKER
PAR EcoRI

ORI

SHind III
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Fig. 15. The Clostridium acetobutylicum expression vector, pMTL5OOE Plasmid pMTL500F

was constructed by replacing the lac po region of pMTL500E with the indicated modified (see

Minton et al., 1990a) Fd promoter. During its derivation, plasmid pMTL50OF also acquired the
pSC101 stability function, par (PAR). The ATG tri-nucleotide of the indicated NdeI restriction

recognition site corresponds to the AUG translational start codon of lacZ', and is immediately

preceded by the Fd ribosome binding site (RBS). The multiple cloning sites (MCS) are those of

pMTL20 (Chambers et al., 1988).

1990a). This expression cartridge was shown to direct the expression of the pC194 cat gene

such that the encoded protein represented between 3 and 7% of the cells' soluble protein
(Minton et al., 1990b) In more recent studies this promoter has been modified by the precise

insertion of an E. coli lac operator sequence at the Fd + 1, and the resultant promoter
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derivative (designated fac) inserted into pMTL500E in place of the natural promoter of the
lacZ' gene. Thus, in the derived plasmid, pMTL500F (Fig. 15), expression of lacZ' is under

the transcriptional control offac (Minton et al., 1990b).
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Fig. 16 Inducible expression of the pC194 cat gene cloned in pM7L5OOE and pMTLSOOF. A
promoterless copy of the pC194 cat gene, excised from pMTL20C (Swinfield et al., 1990) as a

0.8 kb MnlI fragment, was inserted into the Sinai site of pMTL500E and pMTL500F, such that

transcription was dependent on the lac or Fd promoter, respectively. The two recombinant

plasmids were independently introduced into E. coli TG I containing the lacil-encoding plasmid

pNM52 (Gilbert et al., 1986), and the two clones grown in 2XYT broth to an OD450 of 0.6. At
this point expression was induced by addition of IPTG (indicated by an arrow) to a final

conce•itration of 1 mM. CAT activity of cells carrying pMTL500E (0) or pMTL500F (0) is

expressed as % cell soluble protein. The culture OD 450 of cells carrying pMTL500E and

pMTL500F is indicated by (0) and ([I), respectively.

The presence of the lac operator should enable transcription from fac to be blocked by

binding of the Lacd protein. Derepression may subsequently be achieved by the addition of the
inducer IPTG. Such inducibility requires that the lacl gene is efficiently expressed in the

recombinant host employed. In our preliminary studies the pC194 cat gene was inserted into
pMTL500F and the resultant plasmid introduced into an E. coli host which carried the lacl gene

on a co-resident, compatible plasmid, pNM52 (Gilbert et al., 1986). When cells carrying both

plasmids were grown overnight in the presence or absence of IPTG, significant repression of

cat expression was evident. Thus, non-induced cells synthesised CAT to levels of approx.
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1.0% of the cells' soluble protein, compared to the 13% levels attained in cells supplemented

with IPTG.

A clearer idea of the degree of repression/inducibility was obtained by undertaking the

experiment outlined in Fig. 16. Cells carrying pNM52 and either pMTL50OEcat or
pMTL50OFcat were grown in rich media to mid exponential phase when IPTG was added to

both cultures, at a final concentration of 1.0 mM. It can be seen that prior to induction no
CAT activity was detectable. Following the addition of IPTG, rapid induction of cat

expression was evident. Most encouragingly the degree of repression/ induction exhibited by

the natural lac promoter (pMTL500cat) and thefac promoter (pMTL50OFcat) was identical.

Towards expression of lad in C. acetobutylicum

Having established thatfac can be regulated by LacI repressor protein, efforts focused on

effecting expression of this gene in C. acetobutylicum NCIB 8052. Previous workers have

elicited expression of lacl in the Gram-positive bacterium B. subtilis by coupling transcription
to a Bacillus vegetative promoter and inserting the modified gene either, into the backbone of

the expression vector itself (pREP8), or into a second compatible plasmid (LeGrice et al.,

1987). Therefore, initially we attempted to insert a pREP8-derived lacl encoding DNA
fragment into the specially constructed unique EcoRV site of the expression vector
pMTL500F. Accordingly a 1.4 kb EcoRI-PvuI fragment carrying lacl was excised from

pREP8), blunt-ended by treatment with T4 DNA polymerase and ligated to EcoRV cleaved

pMTL500F. Subsequent analysis of the recombinant plasmids obtained, however, indicated

that severe structural rearrangements had occurred.

The alternative strategy of inserting this gene into a second co-resident plasmid requires the

availability of a plasmid which is not only compatible with regard to replication apparatus (ie.,

different replicon), but in addition, to prevent intermolecular recombination, should not
possess DNA homology. We have previously constructed (Minton et al., 1988) such a

prototype vector(pMTL520) which, with reference to pMTL500F, fulfils all these criteria.

Thus whereas pMTL500F is based on the E. coli ColE1 replicon, pMTL520 litilises the pl5a

replicon. Similarly, pMTL500F uses the pAMII replicon and erm gene, whereas pMTL520

makes use of the pCBO10 replicon and tetP from a C. perfringens R-factor. However,

repeated attempts to transform C. acetoburylicum to TcR (10/pg/ml) were unsuccessful, raising

doubts as to the suitability of pMTL520 for use in C. acetobutylicum.
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The tetP gene cannot be used as a selective marker in C. acetobutylicum

Two explanations may be evoked to explain the inability of pMTL520 to transform C.

acetobutylicum. Either: (i) although pMTL520 confers resistance to Tc on E.coli hosts, the

tetP gene does not function in C.acetobutylicum, or; (ii) the pCB1O0 replicon became

inactivated during the construction of the vector. To clarify the situation a second plasmid was

constructed by inserting the tetP gene into pMTL500E (Fig. 14). This new plasmid,

pMTL500ET, therefore encodes both erm and tetP. Confirmation that both antibiotic

resistance genes function in a Gram-positive host was obtained by transforming B. subtilis,

where it proved possible to select for transformants either on the basis of EmR of TcR.

Transformation of C. acetobutylicum was then repeated using pMTL500ET DNA with

selection on plates either containing Em (10 /ug/ml) or Tc (10 j.g/ml). Transformants were

only obtained on the former plates. Furthermore these EmR transformants subsequently failed

to grow on agar medium containing 10 pg/ml Tc.

TETRACYCLINE GROWTH of NCIB 8052

CONCENTRATION Plasmid-free + pMTL500ET

0 .++ +++

I pg/ml i

2.5 pg/nm! + +

5 pg/mI +

10 ygl/m

Table 7. Growth of NCIB 8052 and a pMTL500ET traiL formant on media supplemented with Tc

The inability of pMTL500ET EmR transformants to grow on plates containing Tc prompted

an examination of the level of susceptibility of C. acetobutylicum to this antibiotic over a range

of concentrations. The results are illustrated in Table 7. C. acetoburylicum was found to be

incapable of growth at levels as low as 1 Ag/ml. In contrast, a pMTL500ET transformant

(selected on the basis of resistance to Em) was capable of normal growth at this level of

antibiotic, reduced growth at Tc concentrations of 2.5 pig/ml and sparse growth on agar

containing 5 /g/ml Tc. The transformation experiment with pMTL500ET was therefore

repeated, with selection on plates containing 1.0 and 2.5 /g/ml of Tc. Although TcR colonies

were obtained at both concentrations, an almost equivalent number were obtained using cells

which received no plasmid DNA. Furthermore, replica plating of the putative transformants
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onto agar media supplemented with Em revealed that no colony had become EmR. Raising the

level of Tc in agar plates to 4 jig/ml appeared to prevent any growth of cells which did not

* receive plasmid DNA. However, the low number of colonies obtained from cells treated with

pMTL500ET DNA were all found to be Ems, indicating they were not true transformants.

Indeed, no extrachromosomal DNA was evident when appropriate cleared lysates were

analysed by agarose gel electrophoresis. It was concluded that, although tetP appears to confer

• TCR on C. acetobutylicum once the plasmid carrying it has become establishea in the cell, it is

not possible to directly select for TcR in transformation experiments. This was confirmed at a

later stage in the project when a pAMB 1-based plasmid encoding tetM obtained from Peter

Durre at Gottingen, FRG. was found lo be unable to transform NCIB 8052 to TcR.

Alternative selective markers

* Because the availability of only one selective marker (erni) places severe limitations on any

future recombinant manipulations in C. acetobutylicum, the elucidation of a second marker is a

matter of some importance. Reliance on commonly used genes specifying resistance to Cm

and Km have previously proven inappropriate for this Clostridium spp. (see Oultram et al.,

* 1987). Some authors have circum, nted the problems associated with the anaerobic reduction

of chloramphenicol by using thiamphenicol, eg., in Clostridium thermohydrosulfuricum

(Soutschek-Bauer et al., 1985). The possibility of using this analogue for selection of

pMTL50OFcat transformants was therefore explored. As growth experiments demonstrated

* that C. acetobutylicum NCIB 8052 grew on levels of thiamphenicol up to and including 100

ltg/ml, a concentration of 150 /g/ml was used in selective plate. However, although

pMTL5O0Fcat electrotransformants could be readily selected on the basis of EmR, no colonies

were obtained on the plates containing thiamphenicol.

During the course of this work a vector based on the C. perfringens plasmid pIP404 was

constructed by Julian Roods laboratory which encodes both erm and cat (Sloan et al., 1992).

Interestingly, when C. acetoburylicum was transformed with this plasmid, pJIR418, colonies

* were obtained at equal frequencies on agar plates containing either Cm or Em. Furthermore,

all EmR colonies were also CmR, and vice versa. However, no extrachromosomal DNA could

be detected in C. acetobutylicum lysates and lysate aliquots failed to transform either E. coli or

B. subtilis to EmR or CmR. To circumvent the apparent inability of the piP404 replicon to

* function in C. acetobutylcium, the pJIR418 cat gene was excised as a blunt, 1.3 kb

SmiaI-Nael fragment and converted to a sticky-ended fragment by passage through the pMTL21

polyliiqker region, and reisolating it as a SstI-BamHI fragment. This fragment was then

cloned into the equivalent sites of the Clostridium shuttle vector pMTL500E. The vector

* obtained, pMTL500EC, was then transformed into Clostridium acetobutrlicum with selection
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for either EmR or CmR colonies. All the EmR colonies obtained were shown to be CmR. Only
60% of the CmR transformants, however, had also become EmR. Furthermore, it was

* noticeable that significantly higher numbers of "transformants" were obtained on Cm plates

than on Em plates.

A further potential marker gene that could be employed is a gene specifying resistance to

* ampicillin. Such a determinant encoding a typical "pBR322-like" B-lactamase from a

Staphylococcus aureus plasmid (pS I) has recently been sequenced (East and Dyke, 1989).
However, although the sequenced bla gene alone is sufficient for ApR in E. coli, a region of
DNA 5' to the gene is required for resistance in staphylococci. A plasmid carrying the whole

* determinant necessary for ApR in a Gram-positive bacterium, pAE306, was obtained from Dr
K Dyke at Oxford and a 4.0 kb fragment excised and inserted into pMTL520. Although the

resultant plasmid conferred ApR on an E. coli host, ApR transformants of C. acetobutylicum
were not obtained. Subsequent dialogue with Dr Dyke's laboratory indicated that

* rearrangements of the ApR determinant of plasmid pAE306 had occurred. A second plasmid

was therefore obtained, pSLJ 104, which carried the entire Tn552 transposon, encompassing

blaZ, on a 6.0 kb BamHI fragment. However, attempts to insert this fragment into the
polylinker site of pMTL500E consistently resulted in recombinant plasmids in which structural

* rearrangements/ deletions were apparent.

The final selective marker examined was the C. pasteurianum leuB gene. A 2.2 ClaI-SphI
fragment carrying this gene was previously cloned into pMTL500E and the resultant plasmid,

* pLEU100, transformed into a leucine auxotroph of C. acetobutylicum, SA9. All of the EmR

transformants obtained were restored to f rototrophy (Oultram et al., 1988). It was therefore

of interest to repeat this experiment, but in contrast select directly for Leu÷ colonies, ie., test
whether leuB can be used as a primary selectable marker, as in Saccharomyces cerevisiae.

* However, no colonies were obtained when SA9 cells were electroporated with pLEU100
DNA and plated on clostridial basal medium containing no leucine. All transformants selected

on the basis of EmR were, however, Leu÷. Thus, it is not possible to directly select for
acquisition of huB, but it can be employed in secondary selection once phenotypic expression

* has occurred.

The gut operon as a potential site for homologous integration

The facility for effecting the insertion of heterologous DNA into the host chromosome, by
homologous recombination, offers considerable advantages in any proposed programme of

strain manipulation. The principal attraction is that it circumvents the problems of
* recombinant segregational instability commonly associated with autonomous vectors. Thus,
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the ability to integrate genes into the C. acetobuiylicum chromosome offers great potential in
the future generation of strains expressing bot gene subfragments. Such technology, however,

• also provides the facility for generating a strain in which lacl has been inserted into the

chromosome.

Integrative strategies require two components: (i) a cloned region of the host chromosome,
* to provide homology for recombination, the disk uption of which is not deleterious to cell

growth, and; (ii) a vector delivery system, the replication properties of which favour

integration. We have just completed sequencing the gut operon of C. acetoburylicum, which
encodes the genes necessary for glucitol (sorbitol) transport/metabolism. The operon (Fig. 17)

* has the same overall arrangement as E.coli (Yamada and Saier, 1987), but additionally

contains a gene coding for a protein exhibiting homology to the ORF U polypeptide of

Clostridium acewbutyicwr

gutAl gutA2 orfX gutB gutO

&Fcherichia colh

gutA gutB gutD

* Bacillus subtiis

spoOF orfX Y tsr orfU

Fig. 17. The arrangement of genes in the C. acetobutylicum gut operon, and the position of

equivalent genes in E. coli and B.subtilis. The encoded polypeptides of similarly shaded ORFs

exhibit amino acid homology. The encoded enzymes are: gutA, PTS-I1s"u; gutB, Enzyme ll"';

gutD, glucitol-6-P dehydrogenase, and; orfU & orfX (C. acetobutylicum), transaldolase. A
* sequence error in the illustrated B. subtilis region means that orfY and tsr form only 1 ORF,

and encodes aldolase (J Cary, personal communication).

B. subtilis (Trach et al., 1988). Recently ORF U polypeptide has been shown to exhibit distant
* homology to yeast transaldolase (J Clary, personal communication), providing tentative

evidence that the C. acetobutylicum ORF X gene product may be transaldolase (Fig. 17). The
gulD gene (encoding glucitol dehydrogenase) seems an ideal target for integration as it is not
normally required by the host, and presents an easy test for successful integration, ie., inability

* to grow on sorbitol as the carbon source.
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Integrative vectors

* Integrative vectors are ideally based on plasmids which are temperature sensitive for
replication. Such a vector, containing cloned region of the host genome, may be introduced
into the target cell and selected at a temperature permissive for replication. Successfully

transformed cells may then be grown at the non-permissive temperature in the presence of the
* antibiotic to which the vector confers resistance. Under the these conditions plasmids are

~pMTL513E

• ! pMTL502E

[PMTLSOOE]

[A p
1I

Bam., H..., - EcoR,
.B aBamH

EcoI7 am~" --- lhelNh'l POLLIEcRI

* J14

Fig. 18. Cloning vectors based on the pAMfil replicon. All plasmids were generated by

insertion of the indicated pAMII-derived DNA (see Swinfield et al., 1990) fragment (bold line)

* into the Nhel site of pMTL20E (thin line). The lacZ' is therefore functional (blue colonies in

the presence of XGal) unless inactivated by subsequent insertion of heterologous DNA into the
polylinker region. Plasmid pMTL500E is a high copy number plasmid, while pMTL502E and

pMTL513E have a low copy number. The general purpose cloning vectors pMTL500E and
pMTL502E exhibit moderate segregational stability. Plasmid pMTL513E exhibits extreme

* instability in both B. subtilis and C. acetobutlicumn (see Table 7).

rapidly lost from the population with thc result that the only cells which can grow in the

presence of the antibiotic are those in which chromosomal integration of the plasmid element

* occurs. With this in mind, attempts have been made to isolate a temperature-sensitive

replication mutant of pMTL500E (Fig. 18) by in vitro mutagenesis. Plasmid DNA was

incubated with hydroxylamine, as previously described (Minton, 1984), and the resultant

damaged DNA used to transform E. coli cells to ApR. Total transformant colonies were then
• pooled (by flooding the agar plates with media), bulk plasmid DNA prepared and used to
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transform B. subtilis to EmR at 28 0C. Colonies obtained were then replica plated onto fresh

plates and grown for 24 h at 42'C. Approximately 10,000 B. subtilis colonies were screened

* in this manner, but only one putative ts mutant was isolated. Subsequent characterisation

of this transformant, however, indicated that ts defect resided in the adenine methylase enzyme

(erm gene).

* In parallel to the above, the replication-impaired vector pMTL513E (Fig. 18) was

examined as a possible integrative delivery system. This vector was derived by replacing the
pAM6I replication region of pMTL500E with the pAMII1 replicon of plasmid pMTL20CB13

(Swinfield et al., 1990). Because this replicon contains a deletion which extends into the

* replication origin, the efficiency of replication is severely impaired. Thus, in the presence of

the selective antibiotic B. subtilis cells carrying this plasmid exhibit a 4-fold increase in

doubling time, while in the absence of selective pressure plasmid-free segregants arise at an

extremely high frequency (Swinfield et al., 1990).

Use of pMTL5I3E to generate integrants formed by a single cross-over events

* To investigate the potential of pMTL513E as a delivery sytsem, a 336 bp NheI-SpeI

restriction fragment, internally located within the gutD structural gene was cloned into the

polylinker of pMTL513E at its unique XbaI site. The plasmid obtained, pJEN2, was

transformed into C. acetobutylicum NCIB 8052 and EmR transformants selected. Interestingly,

PLASMID % OF CELLS RESISTANT TO ERYTHROMYCIN

10 generations 20 generations

• pMTL531E 99.5 99

pMTL500E 66 44

pJEN2 (pMTL513E) 0.4 0.01

CHR::pJEN2 96 92.3

Table 8. Segregational instability of pMTL513E (pJEN2) during growth of C.
acetobutylicun in the absence of antibiotic selection. Cells were grown in 2 X YTG
for 10 and 20 generations and the % of cells still EmR estimated by deriving colony
viable counts on media with and without Em. For comparative purposes, the results

* with pMTL500E and a stabilised derivative, pMTL531E (Swinfield et al., 1991), are
shown. The EmR phenotype of cells in which pJEN2 have integrated into the
chromosome (CHR::pJEN2) exhibits a low level of instability (c. 0.4% per
generation). All the resultant Ems cells are also unable to grow on sorbitol.

* pJEN2 transformed C. acetobutylicum at a significantly higher frequency (5-fold higher) than
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the progenitor vector, pMTL513E, presumably as a result of carrying a homologous

chromosomal DNA insert. A transformant containing the plasmid was then grown for 50

* generations in the absence of antibiotic selection, before Em was added to the medium, the

culture incubated for a further 8 hours and cells plated out on agar medium containing EmR.

As can be seen from Table 8, pJEN2 was rapidly lost from the cell population in the absence

of selective pressure. Indeed, when the culture was plated out after 50 generations only 15

* EmR colonies were obtained. Using appropriate minimal agar plates, the cells from all 15

colonies were subsequently shown to be incapable of growth on sorbitol as the sole carbon

source. Furthermore experiments indicated that loss of EmR no longer occurred at the

extremely high frequency initially observed in cells carrying autonomous pJEN2 (Table 8).

* Both observations strongly indicated that integration of pJEN2 had occurred at the gutD gene.

A schematic representation of how pJEN2 could become inserted at the gutD locus of the C.

acetoburylicum chromosome by Cambell integration is shown in Fig. 16. In this scheme a

single recombinational cross-over results in duplication of the homologous gutD gene segment,

• concommitant with inactivation of the chromosomal copy. Double cross-overs would not

inactivate the gene, nor result in a strain exhibiting segregational stabilisation of the EmR

determinant.

* EmR

pMTL513E

ORI

I'

1.0 kb
Spel Nhel

CHROMOSOME ::_______

gutB gutD

i

W INTEGRATION

- PCR V

• • ,Emil

Fig. 19. Schematic representation of Cambell-like integration of pMTL513E containing a gutD

subfragment into the C. acetobutylicum chromosome.
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Confirmation that the stabilisation of EmR segregation was a direct result of Campbell-like

integration of the entire vector into the host chromosome at the gutD locus was obtained using

* PCR. Thus, oligonucleotide primers based on sequences within the chromosomally located
gutB gene and the vector pMTL513E were shown to generate a DNA fragment of the expected

size when employed in a PCR (Fig. 19). Although the Emp phenotype of the pJEN2 integrant

appeared, at a qualitative level, segregationally stable (see MIDTERM report), a more

* quantitative examination showed that in the absence of antibiotic selection significant numbers

of cells were becoming Ems at each generation, viz after 10 generations c. 4% of the cell

population was Ems (Table 8). That these cells represented cells in which pJEN2 had both

excised from the chromosome and then been lost from the cell was confirmed by the fact that

• Ems cells had regained the ability to grow on sorbitol as sole carbon source. A estimate of the

actual rate of excision was made by screening for cells which had regained the ability to grow

on sorbitol, but were still EmR, ie., the plasmid excises from gutD and remains in the cell in

an autonomous state. This showed that excision occurred in c. 0.04% of the cells at each

* generation.

Use of pMTLS13E to generate integrants formed by a double cross-over events

The instability of the CHR::pJEN2 strain serves to highlight the unsuitable nature of

integrants which arise by a single cross-over recombinational event. Stability may be ensured

by selecting for integration of heterologous DNA by a double cross-over. The type of plasmid
* needed to achieve this should differ from pJEN2 in possessing a complete copy of gutD

(pJEN2 contains only an internal region of the gene), into which heterologous genes are
inserted. Such a vector will only generate SORB -ve integrants if a double cross-over occurs -

single cross-overs, in which the whole plasmid integrates, will still be SORB +ve. Our

* eventual goal was a plasmid like pJEN2 in which the central portion of a cloned gutD gene is

replaced by lacl. When this plasmid is introduced into C. acetobutylicum NCIB 8052,

reciprocal recombination can take place between the 5' and 3' regions of gutD flanking lacl,
resulting in the integration of iacl into the chromosome. However, such an event cannot be

* detected unless a selectable phenotypic trait is endowed upon the integrant. The solution is to
link lacl to a selectable marker, which becomes co-integrated. As this cannot be erm, we

elected to attempt to use leuB. Thus, cells would be transformed with selection for EmR, a

transformant grown in the absence of antibiotic for 50 generations in rich media, and cells
* plated on basal media lacking leucine. Integrants in which a double cross-over had occurred

would then be selected on the basis of their Ems and SORB -ve phenotype.

The first step in the construction of the desired plasmid was to insert a region of the gut

* operon into pMTL513E. Accordingly, a 1. 1 kb BaniHI-Sstl fragment carrying the entire gutD
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gene, and part of the upstream gutB gene was subcloned from pSORB20 into pMTL513E to
give plasmid pSORB513 (Fig. 20). In parallel a second plasmid, pLACLEU (Fig. 20), was

* constructed in which a 1.45 kb NdeI-ClaI fragment carrying the C.pasteurianum leuB gene
(Oultram et al., 1993) was co-cloned into pMTL23 along with a 1.3 kb EcoRI-PvuI fragment
carrying the E. coli lacl gene. The insert of this latter plasmid was subsequently excised as a
2.75 kb Xbal fragment and inserted into the SpeI site within the gutD gene of plasmid

* pSORB513. The plasmid obtained was designated pIB513 (Fig. 20). Prior to transformation

of pIB513 into C. acetoburylicum, with the exception of lacl, all components were shown to be
functional. Thus, the leuB moiety was shown to be functional by its ability to complement an

r Emr Br'HI

SStj PUTL513E (X, pr 92 utD

la,, (8481 bp) g1111 Sstl Barn HIVSst

fig/Il %'ZM Z on sft I

RPAp 
r EM,

Sst I pSOR8513
(1545 bp)

Spe I gutO

*gutsl 
REP

Bg1 11/BarnHI fusionDi_ 0

Xba I

on (5419 bp,) Apr E

Xba I /SUB urSm

fusion gB tR
( l12B • 2519 bp) REP

lacdl )g•

Xba I/Spel fusion

Fig. 20. Construction of the vector employed to target lacl to the NCIMB genome, plasmid

p1B513. [see text for explaination]

0
appropriate mutant of E. coli. Similarly, the Gram-negative and Gram-positive selectable

markers and replicons (ApR and ColEl, and EmR and pAM61, respectively) were shown to
function in E. colt and B. subtias. Thereafter, pIB513 was transformed into the Leu- mutant of

0 C. acetobulylicum, SA9, by electroporation and the EmR transformants shown to be converted
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to prototrophy. Lysates prepared from individual clostridial transformants were used to
transform E. coli and these transformants shown to harbour a plasmid possessing a restriction

pattern consistent with plB1513. Thus, plB513 appears structurally stable in C. acetobutylicum.

A SA9 transformant carrying plB513 was grown for 50 generations in the absence of
antibiotic selection, and then plated out on both on minimal plates lacking leucine and broth

plates supplemented with Em. An unexpectedly high number of colonies were obtained on
both types of media (approx 103 per ml). A total of 100 leu+ colonies were picked and shown,
not unsurprisingly, to be still EmR and capable of growth on Sorbitol as carbon source, ie., not
integrants. Thus in this particular experiment, plasmid plB513 was not lost at the expected
rate, resulting in the selection of cells in which the plasmid still existed in the autonomous

state. The experiment was therefore repeated twice more, except the de-selection and re-

Em REP

Ap r plB513

ori " (12519 bp)

gutD gutB

[A] leuB lacit

gutD gutB
SPCR= 0.6kb

[B] 4.-

gutD' leuB lacl gutD gutB

SPCR= 3.6kb

Fig. 21. Gene replacement using pIB513. Following two separate recombinantional evenets
between homologous DNA on p1B513 and the NCIMB 8052 chromosome ( [A] ) the gutD gene

of the latter is replaced by the copy on plB1513 containing leuB and lacl ([B]). Prior to gene

replacement two opposing primers to the 5' and 3' ends of gulD amplify a 600 bp fragment in a

PCR. Following integration of leuBI lacl the amplified fragment increases in size to 3.6 kb.

selection steps were extended, such that the whole process took 2 weeks. From these two
experiments 3 colonies were identified with the expected phenotype, viz., Leu÷, Sorb- and
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Ems. To characterise these "clones", use was made of a pair of oligonucleotide primers which

in PCR amplify a 600 bp DNA fragment corresponding to the central portion of the guD gene.

The use of these primers in PCR with chromosomal DNA prepared from all 3 clones resulted
in a c. 3.6 kb DNA fragment. This size exactly corresponds to that expected if the gutD gene

contains the leuB::lacl insertion. Further evidence to support this contention was obtained by

Southern blots (data not shown)

Failure of laci to regulate fac

One of the three 3 gutD::lacl/leuB SBA9 integrants was chosen and transformed with a

derivative of pMTL500F (pMTL500Fcat) into which had been inserted a promoter-less copy

of the staphylococcal CAT (chloramphenicol transacetylase) gene, inserted such that its

transcription was underfac control. The levels of CAT attained in the resultant cells was,

however, unaffected by the presence or absence of the gratuitous inducer, IPTG (data not

shown). The reason for the apparent lack of repression/ induction were unclear, but may be

due to a low level of production of LacI as a result both of low gene dosage, by virtue of a

chromosomal location, or due to the Bacillus vegetative promoter transcribing lacl being

inefficiently utilised by the clostridial RNA polymerase. One way to tackle the problem of low

gene dosage would be to locate the lacl gene on the expression vector itself. Although the

derivation of such a plasmid had previously proven unsuccessful, another attempt was made.

CAT EXPRESSION LEVEL MAGNITUDE OF

TIME (% cell soluble protein) INDUCTION

(hr) - IPTG + IPTG (- fold)

Exp. No.

0 I 0.62 0.65
II 0.58 0.89
III 0.65 0.74 -

3 I 2.57 8.08 3.1
II 1.82 9.17 5.0
III 3.41 6.25 1.8

6 I 7.12 24.07 3.4
II 10.11 14.44 1.4
III 10.67 20.6 1.9

20 I 7.78 17.01 2.2
II 9.32 21.85 2.3
III 3.81 19,74 5.2

Table 9. IPTG-mediated induction of cat expression in B. subtilis cells
carrying plasmid pMTL500FIcat. Cells were grown in L-broth to
mid-logarithmic phase (A450 = 0.6), split in two and IPTG added (final
concentration 400 j•g/ ml) to one half of the culture. After 120 min of further
growth cells were harvested, sonic extracts prepared, and assays for CAT
activity undertaken
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FUSION MCS EcoR1
[ EcoRV-:PvuI

FUSION pMTL50OFI repDi

[EcoRl::EcoRV OR [8042 bp]

bla erm

BamHI

Seal

Fig. 22. The clostridial expression vector pMTLSOOFI. Plasmid pMTL500FI was derived
from pMTL500F by inserting a 1.3 kb Pvul-EcoRI (blunt-ended) fragment into the unique

EcoRV site of pMTL500F (see Fig. 15).

A 1.3 kb Pvul-EcoRI (blunt-ended) fragment carrying lacI (under the transcriptional control

of the B. subtilis veglI promoter) was inserted into the EcoRV site of pMTL500F such that the

gene is read in the same direction asfac and bla. The recombinant plasmid obtained,

pMTL500FI (Fig. 22), in contrast to previous attempts, appeared as expected on the basis of

restriction digests. Therefore, a 0.8 kb Mlul fragment specifying a promoter-less copy of the

pC194 cat gene, was inserted into the polylinker to give plasmid pMTL500FIcat and

transformed into wild type cells of NCIMB 8052. Once again, no evidence of IPTG-mediated

induction of cat expression was obtained. To investigate this further, plasmid pMTL500FIcat
was transformed into B. subtilis and the experiments repeated. In this case the degree of

induction was found to vary from between 2 to 5-fold, with induced cells producing up to 20%

of their cells' soluble protein as CAT (see Table 9).
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2.4 ATrEMPTED EXPRESSION OF BoNT/A Hc-ENCODING FRAGMENTS

2.4.1 Summary

In the absence of a regulated system, attempts were made to effect the constitutive

expression of botA subfragments from the fac promoter. To aid in the subsequent purification

of the recombinant polypeptides produced, a strategy was formulated whereby they would be

produced as a fusion protein with glutathione-S-transferase (GST), whose encoding gene

exhibits a similar codon usage to clostridial genes. To accomplish this, DNA encoding the Hc

fragment of BoNT/A (aa 855 to 1296) was fused to the extreme 3'-end of the GST gene, using

PCR methodologies. To ensure eventual translation of the transcribed gene fusion in a Gram-

positive host, a synthetic sequence specifying the ribosome binding site (RBS) of the TeTx

gene was positioned immediately 5' to the translational start codon of the GST gene. The

completed gene fusion was placed underfac transcriptional control by its insertion into

pMTL500F. No evidence for the production of a recombinant protein was obtained when

Western blots were performed on the lysates of E. coli cells carrying the resultant plasmid,

pGAC501F, using either anti-BoNT/A or anti-GST antibody. Although cells carrying

pGAC501F produced abnormal amorphous growth on solidified media, no evidence for the

presence of inclusion bodies was forthcoming. Plasmid pGAC501F was subsequently found to

be incapable of transforming either B. subiis or C. acelobutylicun, a consequence, it is

believed, of the production of the desired fusion protein. Derivative plasmids of pGAC501F

were constructed in which the region encoding the entire BoNT/A Hc fragment was replaced

with botA DNA encoding the NH.- or COOH-terminal half of the Hc fragment (plasmids

pGAC503F & pGAC504F, respectively). These new plasmids were now able to transform

both Gram-positive hosts. The presence of a novel fusion protein could not, however, be

detected in the lysates of transformed cells. Preliminary experiments, involving placement of

the Fd RBS immediately 5' to the GST start codon, suggest that the TeTx RBS may be

responsible for the lack of detectable protein.

2.4.2 Results and Discussion

Construction of BoNTIA Hc ::Ghuatahione-S-transferase gene fusions

In view of the difficulty encountered in attempting to regulate thefac promoter, a decision

was made to push ahead with constitutive expression of BoNT gene subfragments in C.

acetobutylicum using pMTL500F. By this stage of the project studies being undertaken by
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Division of Toxinocology staff at USAMRID had shown that a recombinant polypeptide

corresponding to a BoNT/A Hc fragment (equivalent to tetanus toxin "C" fragment) was

shown to be protective in mice. Furthermore, these same studies had demonstrated that

A] OLIGO No. SIZE

KpnI RBS (Tet) Ndel

5'-TAT GGT ACC TA TAA GAG GTG TTA CATIAT TCC CCT ATA CTA GGT TAT TGG-3 1 51

Thrombin

L V P R G S
3'-GC CTA GAC CAA GGC GCA CCT AGII 27

BamHI

1--I

15'-CTG Gr CCG ECT - C• -TAC ýGTA GAT AAT CAA AGA TTA-3' iii 42
S K Y V D N Q R L

Pstl

3 '-TGATCTATACTCATGACGTCACGATTATAG-5 - IV 30

13

Kpn NdeI Thrombin Cleavage Site aa position 855 PstI

1 1 L V P R G S K Y V D N

AT ATG Glutathione-S-transferase ICTG Grr ccCG Ce GGA CC BoT/A HC Fraque~nt

Figure 23. Strategy for the construction of a GS7-:BoNT/A Hc fusion protein by PCR.

A) The two oligonucleotides I and II are used in PCR to amplify a 690 bp fragment from pGEX-2T encoding the

entire Glutathione-S-transferase (GST) protein. The 5' tail of oligo I will specify, in addition to the 5' end of

the GST structural gene, the ribosome binding site of the tetanus toxin gene, flanked by restriction sites for

Kpnl and Ndel. Oligo II will essentially encode the Thrombin site of plasmid pGEX-2T, with a small 3' tail of

complimentarity to the botA gene. The two oligonucleotides IIl and 1W' are employed to amplify a 1.45 kb

fragment of the botA gene. Oligo Ill, in addition to specifying 9 amino acids from the NH -terminus of the

BoNT/A H fragment (essentially beginning with the Ser residue at position 854 of BoNTVA), has a 5' tailS C

complimentary to the Thrombin site of pGEX-2T. Oligo IV is complementary to a sequence some 100 bp

downstream of the botA translational stop codon, and contains the necessary mismatches to allow the creation of

a Pstl site. Oligos II and Ill have been designed such that the DNA fragments amplified in the respective !+11

and 1ll+IV PCR's will carry an identical 21 bp sequence at their 3' and 5' ends, respectively. This overlap

may be used in a subsequent PCR to join the two fragments, giving the desired GST::BoNT fusion, illustrated

in B1. The presence of the Kpnl and Psil sites allow the insertion of this fragment into the polylinker of

pMTL50OF/ Fl.

recombinant production was only achieved in the form of a fusion protein, a consequence of

the genetic fusion of the appropriate botA subfragment with the malE (maltose binding protein)

gene of E. coli. Based on these findings it was decided to lit-lit expression studies to the H.

fragment of the neurotoxin and to produce the toxin as a fusion protein. In our case, however,

we chose to use the glutathione-S-transferase (GST) gene of the Pharmacia plasmid pGEX-2T

(Smith and Johnson, 1988) rather than the malE gene. As with MalE, the fusion protein

produced can be purified by affinity chromatography, the BoNT moiety being recovered
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following cleavage with thrombin. The glutathione-S-transferase gene was considered more
appropriate than malE, however, as it has an A+T content of 62%, resulting in a codon usage
near to that found in clostridia.

To effect the fusion of GST and BoNT/A encoding regions, the strategy outlined in Fig 23

was formulated. Accordingly, primers I & II were used in PCR to amplify a 0.6 kb fragment

specifying GST, and primer pair III + IV was used to amplify the BoNT/A Hc-encoding
fragment. These fragments were gel isolated, pooled and used in a subsequent PCR employing

primer pairs I + IV. Inexplicably, no DNA product was obtained. Therefore, the two
fragments were independently cloned iota pCR1OOO. The two inserts were subsequently

excised as a KpnI/BamHI (GST) and a BamHI/PstI (BoNT/A) fragment, pooled and ligated to
KpnI/PstI cleaved pMTL21, and a plasmid selected (pGAC1) in which the two fragments weie

co-inserted. At this stage further experiments had shown that a GST::BoNT/A H. fusion
could be generated, simply by mixing the two plasmids pGEX-2T and pCBA3, and

undertaking a PCR with all 4 primers (I, II, III & IV) present. Samples taken from such a
reaction were shown to contain 3 DNA bands, corresponding in size to that encoding GST,
BoNT/A and a GST::BoNT/A fusion. T ý latter band was subsequently cloned directly into
pCR1OOO. The clones obtained were not, however, processed any further as by this time a
fusion of the two "genes" had been derived by standard cloning procedures.

Prior to the generation of pGACI, the entire au-'eotide sequences of the component

fragments were determined to check for PC t,-inv'iced errors. None were found. Once
pGACI was obtained, the junction between the CST- and BoNT/A Hc-encoding fragment was
also authenticated by sequencing. Interestingly, during the initial cloning of the PCR products

of primers III + IV, a clone was obtained which had a deletion at the 3'-end of the BoNT/A
Hc-encoding region. In essence, 39 amino acids were deleted from the COOH-terminus. This

variant was also fused to the GST encoding fragment, in pMTL21, to give pGAC2. The
inserts of both plasmids were subsequently excised and sub-cloned into pMTL500F. The

plasmids obtained were designated pGAC501F and pGAC502F, respectively. As a control,
the two inserts were also cloned into pMTL500E, yielding pGAC501E and pGAC502E,
respectively. Noticeably, all the clones obtained exhibited abnormal growth on solidified

media. When streaked onto agar the growth that developed was sparse and the colonies had a
amorphous atypical appearance. No evidence for the presence of inclusion bodies could be

obtained by phase contrast microscopy. Lysates from each type of clone were examined by
SDS PAGE, but no additional polypeptide bands of the expected size were evident. Similarly

no bands were detected in a Western blot using anti-BoNT/A polysera.
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Attempted trangfer of pGAC-5OI F & pGAC502F to C. acetobutylicum

* Having constructed the four different recombinant plasmids attempts were made to

transform them into C. acei butylicum using electroporation. However, although

transformants of pGAC501E and pGAC50?E were obtained (ie., those plasmids derived from

pMTL500E in which expression of gene subfragments will not occur in a Gram-positive

Al
OLIGO No. SIZE

BdlnI NJru]

(" -1 F . .

F5'-TTAGGATCC TGT CGC GAT ACA CAT AGA TAT ATT TG-3 VI 35
C R D T H R Y I W

10h0

PstI
F- ----

3 ' -TGATCTA?••rCATGACGTCACGATTATAG-5' IV 30

Bl

KpnVmNdel Thrombij Cleavage Site aa 1060 aa 1296 Pst!

L V P R G SY C ------------ E R P L Stop I
BS- osT - CTOOTT CCo COT OGA TCC TOT - "oNT/A HC GAA AGO CCA CTG TAAJ

* L__

BScnHI

Figure 24. Strategy for the construction of a fusion protein between the
COOH-terminus of BoNT/A fHc and GST by PCR.

Al A new oligonucleotide, VI. was used in conjunction with the oligonueleotide IV to amplify a 0.7 kb

fragment encoding the COOH-terminal domain (aa 1060 to 1296) of BoNT/A H . The amplified fragment was
then ligated to the previously amplified 690 bp fragment encoding GSi (see Fig. 23), using their

complementary BaniHI sites, to generate the fragment illustrated in B]. The presence of the KpnI and Psil sites
all.wed the subsequent insertion of this fragment into the po•lylinker of pMTL500F.

bacterium), no tranformants were obtained with any plasmid derived from pMTL500F. As

DNA passaged through Bacillus subtilis has been found to transform C. acetobutylicum with

higher efficiencies, attcrrnts were made to transform B. subtilis 34. 1 (spo trpC). Once again

* no transformants were obtained.

The two possible explanations for this lack of transformation would appear to be that

either:- (i) that the replicon of the pNITL500F derived plasmids has in some way been disabled

• during the construction of the recombinant pGAC plasmids in E. coli, or; (it) expression of a

GST::BoNT/A fu:ion in C. acetobutvlicun" is lethal. With regard to the first possibility, a

comprehensive series of digests with various endonucleases, however, has failed to yield any

restriction patterns that disagree with that predicted. Any deletion/ re-arrangement would

• therefore have to be very minor indeed. Subsequ:ntly, a deletion variant of pGAC501F was
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constructed by deleting the DNA specifying the GST::BoNT/A fusion protein. This plasmid

was shown to be able to transform both B. subtilis and C. acetoburylicum, demonstrating that

the replicative moiety of pGAC501F remained functional. These results strongly suggested

that expression of the GST::BoNT/A encoding region is detrimental to the cell.

Construction of further BoNT/A -encoding derivatives of pMTLSO)OF

Al
BamHI OLIGO No. SIZE

15,-CTG Grr CCG CGT-GGAITCCIAAA TAC GTA GAT AAT CAA AGA TTA-3• 1 42

S K Y V D N Q R L

854

Nrul PstI

3-- 1'-AC AAA TTT AAT ýCTA CCA ýACA GCGC TA ATrT GACGTCATAT-5 V 39

K F K L D G C R D STOP

1062

al

Kpn NdeI Thrombin Cleavage Site I aa 855 aa 1062 Pstl

L V P R G SY K ------------ G C R D Stop I
0 -F~~~~7J---c~ATIATG - GST - IcTG GrT CCG CGT GGAITCC AAA - BoNT/A Hc-GTTTCCGTTA

: I C Gt TTCG AJA

BamHI NruI

Figure 25. Strategy for the construction of a fusion protein between the NH 2-terminus
of BoNT/A Hc and GST by PCR.

A) A new oligonucleotide, V, was used in conjunction with the oligonucleotide III to amplify a 0.65 kb

fragment encoding the NH -terminal domain (aa 854 to i062) of BoNT/A H The amplified fragment was then
ligated to the previously aniplified 690 bp fragment encoding GST (see Fig. 23), using their complementary
BamnHI sites, to generate the fragment illustrated in B1. The presence of the Kpnl and Pstl sites allowed the
subsequent insertion of this fragment into the lplvlinkcr of pMTL500F.

To clarify the matter with regard to the apparent toxicity of the fusion protein encoded by

pGAC501F, a number of new plasmid derivatives were constructed. Initially equivalent

plasmids to pGAC50IF were constructed but in which only half of the BoNT/A Hc -encoding

* region was fused to GST. In the one case an approx. 0.7 kb fragment encoding the COOH-

terminal portion of BoNT/A Hc (amino acids 1060 to 1296) was generated in PCR using

primers VI and IV (see Fig. 24). In another case the NH2-terminal portion of BoNT/A Hc was

PCR amplified using primers III and V (Fig 25). Both primers were fused to the same GST-

• encoding fragment as was present in pGAC501F by virtue of a created BamHI site. In

addition to these plasmids, two further derivatives were also constructed. Plasmid pGAC505F

was constructed in which the the BoNT/A Hc-encoding region was fused directly to the first

few codons of the lacZ' gene. This was achieved by inserting the BoNT/A Hc -encoding,

• 1.45 kb BaniHI-PsiI fragment of pGAC501F directly between the BgIlI and Pstl sites of
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pMTL500F, ie., in the absence of the GST gene. Finally, as a control, a plasmid was
constructed, pGAC506F, which contained GST-encoding DNA alone. This was derived by

* simply inserting the 690 bp Kpnl/ BamHl fragment amplified by oligonucleotides I and II (see
Fig. 23) directly between the KpnI and BglIl sites of the polylinker region of pMTL500F. A

schematic representation of all derived plasmids is given in Fig. 26.

In contrast to the two previous plasmids, all four new plasmide (pGAC503F, pGASC504F,

pGAC505F & pGAC506F) could be transformed into both B. subtilis and C. acetobutylicum.

Although no gross differences in colony morphology was evident between cells containing the

four plasmids in either Gram-positive host, E. coli cells carrying pGAC503F (ie., the NH 2-

terminus of BoNT/A Hc) gave atypical colonies on agar media. Cultures of all three bacterial

854 1296

pGAC5olF
* 854 12S7

pGAC5O2F
854 1062

* pGAC503F
1060 1296

pGAC504F
854 1296 Tet RBS

0 ~pGAC5O5F S

I NH2 ' HC

pGAC506F M C- - Hd

Figure 26. Plasmids based on pMTL500F used in attempts to obtain expression of botA
subfragments. The components are as indicated in the nght hand box. The )pen arrow corresponds to the
Fd promoter. The numbers above each map indicate the amino acid number (restive to the complete toxin) at
which the BoNT/A-derivcd regions begin and end.

hosts, carrying all 4 new plasmids were grown up overnight and cell lysates prepared. These

were subjected to SDS-PAGE, and comassie-stained gels examined for the presence of novel
protein bands. None v,;cre detected. The electrophoretograms were therefore subjected to

Western blots and probed both with BoNT/A antisera and GST antisera. Purified BoNT/A

was used as a control for the former, and an E. co/i lysate derived from cells carrying the

plasmid pGEX-2T was used as a control for the GST antisera. With the BoNT/A antisera, no
novel protein bands were evident in any of the lysates tested. In con'rast, with GST antisera, a

band corresponding in size to that of GST was present in the lysates derived from both B.
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subtilis and E. co/i, but not C. acetobutwlicum. The intensity of the "signal" was, however,

orders of magnitude lower than that obtained in a lysate of E. co/i cells carrying the control

* plasmid pGEX-2T.

2.5 STATUS OF EXPRESSION STUDIES ON TERMINATION OF THE CONTRACT

In the closing stages of the project we began to suspect that our inability to detect

expression of BoNT/A fusion proteins could be attributable to the RBS sequence we had placed

immediately 5' to the GST-encoding moiety, based on that of the TeTx gene. In a parallel

* piece of work, we had inserted an E. coli-derived gene into pMTL500F such that its RBS was

replaced by that of Fd. The level of expression, in all three hosts tested (E. coli, B. subtilis

and C. acetobutylicum) was such that the encoded recombinant protein attained levels

representing approx. 9% of the cells soluble protein. This clearly showed that the Fd RBS

could be efficiently utilised in both Gram-negative and Gram-positive hosts. The apparent lack

of detectable protein in cells harbouring pGAC505F (in which the iacZ'::BoNT/A fusion is

effectively coupled to the Fd RBS) was, however, not consistent with this notion. On

re-examination of the procedure used to derive pGAC505F, however, it was found that

* insertion of the BoNT/A-encoding 1.45 kb BamnHI-PstI fragment between the BglII and PstI

sites of pMTL500F does not result in an "in-frame" fusion of the lacZ' and botA coding

regions. The mistaken assumption that in-frame fusion would occur was caused by a "rogue"

computer printout of the pMTL500F sequence in which a nucleotide base from within the

* polylinker region was missing. On paper, the two coding regions could be simply converted to

the same reading frame by, cleaving pGAC505F with XbaI, blunt-ending with Klenow

polymerase, and then self-ligating. This modification is currently being undertaken. The

efficiency with which blunt-ended, XbaI-cleaved pGAC505F DNA self-ligates, however, is

* proving to be extremely low. Amongst other explanations, this could be because cells

transformed with a pGAC505F derivative in which LacZ'::BoNT/A is produced are not viable.

Despite this, we have obtained several clones in which the plasmid has lost the XbaI site, but

the junction between lacZ and botA has yet to be sequenced. In the meantime, a more effective

* way of utilising the Fd RBS has been devised.

In all plasmids carrying the GST gene, the TeTx RBS is flanked by NdeI restriction sites.

To directly compare the relative efficiency of the TeTx RBS and that of Fd, DNA carrying the

* former was deleted from plasmid pGAC506F by its cleavage with NdeI and subsequent

self-ligation. Lysates have been prepared from E. co/i cells carrying the plasmid obtained

(pGAC516F), it's progenitor (pGAC506F) and pGEX-2T, and subjected to SDS PAGE. The

use of GST antisera in preliminary Western blots of the resultant gels appeared to indicate that

* the production of GST in cells carrying pGAC516F is significantly higher than in cells
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Figure 27. Western blots of E. coli lysates carrying pGAC5O6F, pGAC516F and pGEX-2T
Samples were prepared as described in materials and methods. Following SDS PAGE, the eleetrophorctograms
where blotted with anti-GST antisera. Lanes: 1, E. coli fpGAC516FI; 2, E. coli fpGAC506FI; 3, E. coli

[pGEX2TI, and; 4, E. coli iplasmid-freel.

harbouring pGAC506F (see Fig. 27). Plasmid pGAC516F has now been transformed into B.

subtilis and C. acetobutylicum, and estimates of the level of recombinant GST produced are

• about to be undertaken. Should the results of these experiments prove encouraging, then

similar NdeI deletions can be made to those plasmids encoding BoNT/A-derived polypetides,

pGAC501-504F.
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0 CONCLUSIONS

[1] CLONING OF Clostridiuwn botulinum NEUROTOXIN GENES

A major target of this contract was to derive the entire nucleotide sequences of the C.

botulinum genes encoding type B, E, F and G neurotoxin. This objective has been succesfully

accomplished, and the complete nucleotide sequences of the BoNT genes of the C. botulinum

* strains Danish (type B), NCTC 11219 (type E), Langeland (type F) and 89G (type G) have

now been determined. As a result, taken together with our previously determined type A gene

sequence and sequences determined by other laboratories, a complete amino acid sequence of a

representative toxin from all 7 serotypes is now available. Comparative analysis of this

0 catalogue of sequences should considerably facilitate future studies concerned with structure/

function and vaccine development.

The data derived has shown that BoNT/B, BoNT/E, BoNT/F and BoNT/G are composed of

0 1291, 1252, 1278 and 1297 amino acids (aa), respectively, making the type E serotype the

smallest characterised BoNT. Comparative alignment of translated aa sequences, and

BoNT/A, C, D, and TeTx, demonstrates that clostridial neurotoxins are composed of highly

conserved aa domains interspersed with aa tracts exhibiting little overall similarity. On the

* basis of aa similarity, TeTx is indistinguishable from a BoNT. In total 63 aa, out of an

average 440, are absolutely conserved between L chains, and 93 out of 842 between H chains.

The most divergent region corresponds to the carboxyterminus of each toxin, reflecting

differences in specificity of binding to neuione acceptor sites. The relative order of

* relatec•aes, varies according to which dichain component is compared. Recombinational events

between different bot genes may therefore have taken place during evolution.

The BoNT/E and BoNT/B of this study show only minor differences to those of other

0 strains. Conversely, the amino acid sequence of the BoNT/F determined in this study (isolated

from a proteolytic C. botulinum, Langeland) exhibits considerable divergence from that of a

BoNT/F derived from a non-proteolytic strain of C. botulinum (ATCC 23387), and the

BoNT/F produced by a strain of C. baratii (ATCC 43756). Thus, the L- and H-chain of

• Langeland and ATCC 43756 share only 63% and 79%, respectively. The degree of homology

shared by their L-chains is equivalent to that seen between the L-chains of BoNT/B and

BoNT/G (61%). Data obtained in this laboratory during the course of the development of

DNA probes has indicated that the degree of divergence between the neurotoxins of

* proteolytic and non-proteolytic type B C. botulinum strains may mirror that seen between type
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F strains. Indeed, a recently published (Campbell et al., 1993) partial sequence (361 amino

acids) of the H-chain of a BoNT/B produced by a non-proteolytic C. botulinum type B strain,

* exhibits 96% identity with the equivalent region of the BoNT/B of this study.

Divergence between toxins of a single serotype can have serious implications for any

strategy in which a polypeptide subfragment of a toxin is being proposed as a subunit vaccine.

* Thus, for instance, the Hc fragment of the BoNT/F produced by one Clostridium spp. may not

elicit protection against the BoNT/F produced by a second Clostridium spp. At present,

however, the extent of divergence within the BoNT gene pool is unclear. An appreciation of

the magnitude of this potential problem could be obtained by undertaking a survey of DNA

* variation in all available strains, employing a simple PCR screening procedure. This would

involve preparing rapid small-scale genomic preparations from each strain, using

serotype-specific primers to amplify a selected region of the BoNT structural gene, subjecting

the amplified product to digestion with selected restriction enzymes and then comparing the

* fragment patterns generated using agarose gel electrophoresis. It's feasibility is demonstrated

by the data in Table 10 & 11. In Table 10 the indicated fragments are those that would be

generated if the PCR-amplified L-chain encoding region of the BoNT/E gene of C. botulinum

AluM Ddel Dral Mae3 Mbol Mn1l

BorE ButE BotE ButE BotE ButE BorE ButE BotE ButE BotE ButE

328 328 499 499 528 - 717 717 654 654 - 726
285 285 410 410 251 251 291 - 505 - 435 -

268 268 298 298 205 205 258 258 - 307 387 387
216 216 197 - 185 - 198 291 -

169 169 155 155 106 77 77
94 94

Table 10. Predicted restriction patterns of the PCR-amplified L-chain encoding regions of the BoNTIE
genes of the C. botulinum strain NCTC 11219 (BotE) and the C. butyricum strain ATCC 43181 (butE).
The size of fragments is given in bp. Fragments unique to a gene are emboldened.

NCTC 11219 and C. butyricum were digested with the indicated enzymes. While certain

enzymes will generate identical patterns with the fragments amplified from the two genes (eg.,

A/MI and Ddei), a substantial number (nearly half of all those enzymes predicted tc have at

least 3 recognition sites in L-chain encoding DNA) will give discernible differences in

restriction patterns, eg., MboI and Mn/I. As shown in Table 11, an identical situation is

encountered if one undertakes the same analysis with the L-chain encoding regions of the

BoNT/F gene of strain Langeland and the BoNT/F gene of the non-proteolytic strain ATCC

"23387. The two BoNT/E genes differ by 27 nucleotides out of a total of 1266, while the two

BoNT/F genes possess 33 dissimilar nucleotides out of a total of 1313. It can therefore be

seen that this method is capable of a high degree of sensitivity with regard to the detection of

nucleotide divergence. Suspected divergence and existence of distinct sub-populations could
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AMul Ddel Dral Ma3 Mbol Mn1l
* ProF NonF ProF NonF ProF NonF ProF NonF ProF NonF ProF NonF

570 570 761 - 561 561 590 - 614 614 615 615
421 - 450 263 263 - 337 343 228 228

198 198 - 311 256 256 320 320 - 303 155 155
157 248 248 189 189 253 162 177 128 128
106 106 164 164 186 - 95 95

140 140 147 147
- 109

Table 11. Predicted restriction patterns of the PCR-amplified L-chain encoding regions of the BoNTIE
genes of the C. botulinum group / proteolytic strain Langeland (ProFJ and the non-proteolytic group /I
strain 202F lNonF). The size of fragments (in bp) unique to a gene are emboldened.

0 then be confirmed by direct nucleotide sequencing of the amplified regions using appropriate

primers.

[2] EXPRESSION SYSTEM DEVELOPMENT

The second major objective of this contract was to develop a clostridial expression system
and use it to express BoNT gene subfragments. Attempts to elicit the transfer of plasmid DNA
vectors into 20 different strains of the intended host, Clostridium sporogenes, by either

electro-transformation of by conjugative mobilisation, however met with no success. Rather

than persevere with this Clostridium sp., the genetically amenable species Clostridium

acetobutylicum NCIB 8052 was chosen as an alternative host for the proposed expression
work. Efforts initially focused on imposing regulatory control on thefac promoter system by

seeking to obtain expression of laW in C. acetoburylicum. Although this gene was succesfully
introduced into C. acetobutylicum, both by integrating it into the chromosome and by

incorporating it into the backbone of the expression vector employed, fac remained un-

regulated. This was attributed to inefficient expression of the lacl gene. Thereafter, attempts

were n ade to constitutively express gene fusions between Hc-encoding regions of the botA

gene and the gene encoding glutathione-S-transferase (GST), by placing appropriate DNA
downstream of thefac promoter. At the time of writing no positive evidence that a fusion
protein is being produced in C. acetobhurlicwn has been obtained.

Although progress with this aspect of the study has been somewhat disappointing, it is
probably an accurate reflection of the inherent difficulties one would expect to encounter,

compared to E. coli, when attempting to genetically manipulate a clostridial ipecies. Even so,
the situation upon termination of the contract is at a hopeful stage. It would appear to have

been an unfortunate decision to opt for the RBS of the clostridial TeTx gene rather than that of

the clostridial ferredoxin gene. At the time, however, there was no practically derived

84



0

evidence to suggest that one was any better than the other. We presently beleive that

production of a GST::BoNT/A Hc fusion protein in the two Gram-positive bacteria tested (B.

* subtilis and C. acetobutylicurn) is lethal to the cell. Whether this lethality is an intrinsic

property of BoNT/A itself or a consequence of its fusion to GST, remains an open question.

With hindsight, it may have been preferable to fuse BoNT-encoding DNA to a gene encoding a

secreted protein. The fusion product would then be exported into the culture medium. A

* rnumber of genes encoding clostridial genes whose products are secreted have been cloned and

sequenced. In contrast to GST-based polypeptides, the characteristics of such fusion proteins

would, however, not facilitate their subsequent purification. Although, the use of the

secreted MalE protein of E. coli would have circumvented problems of purification, its use is

* prejudiced by the inappropriate codon usage of its gene, and the fact that its RBS and signal

peptide sequence are unlikely to function in a Gram-positive. Replacement of the latter two

elements with the equivalent of a clostridial gene (eg., celA) would obviously circumvent these

barriers to expression, but introduce an additional level of complexity to the system. A more

• realistic approach would be to fuse the BoNT-encoding DNA to the staphylococcal protein A

gene, which is itself of Gram-positive origin.

In conclusion, the termination date of this contract arrived too soon for the potential of

* clostridial cells to produce botulinum toxoid to be assessed. At this stage, therefore, the

relative merits of the system, compared to other bacterial and eucaryotic expression

systems, remain unknown.

0

0
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